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Efitor's Note

This issue bnngs together papers presented at the Second
International Conference on "Solar Energy Storage and
Applied Photochemistry" held at Cairo in Jaizuary 1993.
The topics covered by the many paper. are of importance
in solar energy conversion, storage and photochemical
applications. Special thanks are due to M A El Sayed
and M S A Abdel Mottaleb for editing the manuscripts
for publication.
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Solar Energy and Applied Photochemistry

Foreword

This volume contains papers based on lectures delivered at the Second International
Conference on Solar Energy Storage and Applied Photochemistry which was held
in Cairo, January 6-lI, 1993. The conference was hosted by Ain Shams University
(ASU) under the auspices of President Mubarak.

The development and application of chemical reactions occurs across and between
scientific disciplinvs and photoinduced chemical processes are no exception. Thus
conferences concerned with photochemistry itttract a range of contributions from
several scientific disciplines. Tht: common goal is to understand and use photochemically
induced molecular changes. The breadth of the scientifit. interests represented in this
conference was considerable, reflecting the fact that solar energy storage and its
conversion have many facets including photovoltaic processes. semiconductor-driven
chemical devices, waste water treatment, fuel generation and the synthesis of compounds
using near ultraviolet or visible radiation.

The conference attracted one hundred foreign photoscientists in different disciplines
from twenty-four countries who are dedicated to the task of utilising solar energy in
one way or another. This conference enabled many young Egyptian scientists to
interact with international experts and thereby helped in establishing new national
photochemical activities.

It is a great pleasure to thank the authorities of Ain Shams University and the
Faculty of Science and all colleagues in the Department of Chemistry (the host
institution). We also wish to acknowledge all those whose sincere advice and fund
raising have contributed to making this conference a tremendous success. We wish
to acknowledge, in particular. the assistance received from the Ministry of International
Cooperation. Ministry of Petroleum & Mineral Resources. Ministry of Education
and Ministry of Scientific Research. Supreme Council of Universities. International
Center for Science and High Technology (ICS/IIC/ICTP), Trieste. Italy and the
European Offce of the US Naval Research.

SABRY ABDEL-MOTTALEB (Ain Shams University)
MOSTAFA EL-SAYED (University of California at Los Angeles)
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Strategies for solar fuel generation

HELMUT TRIBUTSC14
Hahn-Meitner-Institui. Dep.. Solare Eneigetik. D-14109 Berlin, Germany

Abstract Solar production and use or fuels (hydrogen, reduced carbon compounds) is an
integral part of any large scale solar energy strategy. Technically, the moat promising pattern
of implementation is the dlecentralised generdltion of photovoltaic energy on buildings.,
interconnection with the public electricity grid and centralized electrolytic generation of
fuels. A complementary strategy could be solar electrochemical generation of simple inorganic
energy carrions (e.g. Fol * from Fe" ) which serve as the enegy source for bacteria (e.g.
Thiobarllss fierroaxlidam~l. which fix carbon dioxide via the Calvin cycle. Direct photo.
electrocehmical generation or solar fuels lin analogy to photosynthesis) is a complex frontier
with many unsolved problems, somp of which are discussed. The most promising route
appears zo be developmeni of photoactive transition metal eloctrocstalysts. which are able
to induce interfacial coordination chemical mechanisms In addition .i may be necessary
to develop far-from-equilibnium eleec~rochemical mechanisms to facilitace cooperative electron
transfer pr~wcitxes during photocatalysis

At the long term, solar fuel generation may gradually bevorw economaical wi~ti increasing
considerA1u."n Of socIa and~ envatromental costs in the price of lomil rnerg)

Keywaills. Solar fuel generation. photovoltaic etnergy. u'enitaltied ciectiolbii igeneration.
solar electrochxemical generation

1. Natuiral and artifcial pboiesysitbesia

The generation of energy-rich chemical compounds. by solur-tinven mechanisms in
photosynthesis. is the basis for higher forms of life on earth and a model for azrtificial
attempts to produce solar fuels, The. photosynthetic process itself is composed of
several steps. They include harvesting of light through lighl -scat tering process"s and
non-imaging optical light concentration, non-radiative energy transfer within assemblies
of chlorophyll molecules and the supply or excitation energy to photosynthetic
reaction centers. The excited state produces a sensitization-type of electron injection
into the electron-transfer chair, and electron transfer across the photosynthetic
membrane. This electron transport leads to the generation of reduced energy-carrying
chemical species (NADPH) and simultaneously also to a proton tranafer across the
membrane in the opposite direction. The illuminated photosynthetic membrane thus
not only produces photoinduced currentis and potentials but also behaves like a
combined electron- and ion-conductor able to undergo topotactic redox reactions.
This means that illumination leads to the insertion and transporl of ions. The proton
gradient produced between the inaide and the outside of the photosynthetic membrane
stores energy which is used to drive a proton current across a reverible ATPase
which leads to the! synthesis of ATP from ADP. The energy-rich compounds ATP
and NADPH are then used to fix carbon dioxide for the production of carbon
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compounds as a source of energy and materials. The basis of photoinduced electron
transport is the transfer of electrons from water to NADP'. This photoinduced water-
splitting mechanism ;eading to the liberation of molecular oxygen and to the formation
of the hydrogen species bound to an energy-carrying molecule is the key solar energy
conversion prncess on earth. Life only became possible through evolution of an
efficient photcatalytic center for oxygen evolution from water. To evolve one molecule
of moleculr oxygen four electrons have to be transferred from water, Since radical
intermediates have to b: avoided for energetic reasons, all four electrons have to be
transferred close to the thermodynamic redox potential of Eo - 1.23 V (NHE). This
is only possible an a highly specialized molecular enzymatic complex, which controls
intermediates in an extremely precise way, The water-oxidizing manganese complex in
photosynthesis contains two pairs of manganese centers in close proximity. Its exact
structure and function is not yet known.

Experimentally, and with synithetic and typically inorganic materials, most elementary
steps occurring in photosynthetic membranes -an be qualitatively reproduced (Tributsch
1990). They include radiationless energy transfer between dye assemblies, electron
injection through sensitization (into ozide semiconductors), conversion of light into
electrochemical energy (with semiconductors), photogeneration of reduced species (at
semiconductor electrodes), photoinduced ion insertiotn and transpor; (at combined
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semiconducting electron- and ion-conducting materials) as well as photocatalysis of
oxygen evolution from water (which up to now is energetically not yet efficient).

The key reason why we cannot yet reproduce photosynthesis artificially for technical
applications is our inability to produce stable solid-liquid junctions and to provide
complicated photoactive materials at reasonable prices. Since self-organization mech-
anisms and highly complex bioorganic reactions are not yet technically accessible
for artificial photosythesis, simpler technical pathways must be developed. Key elements
are inorganic materials, which are thermodynamically and kinetically stable under
illumination and polarization. Since cheap and efficient complex-organic catalysts
are not available, highly catalytic metals, deposited on semiconductors, must be
considered for fuel generation. This means that our inability to deal properly with
the complexity and instability of organic molecules and materials forces us to adopt
strategies in which the principles of energy conversion are equivalent to the biological
ones but the materials are very different. In addition, technical applications aim at
much higher energy conversion efficiencies than biological systems, which typically
do not specialize in energy conversion but simultaneously also optimize other functions.
There is no doubt that large-scale utilization of solar energy is an attractive and
reasonable long-term option for mankind. Figure I shows that the solar energy
incident on earth during one year exceeds the total energy available from all other
energy forms, including fossil and nuclear energy via plutonium breeding.

2. Efficiency couheratiom

The most efficient green plants (C4- plants like sugarcane or corn) produce. during
their most productive season, biomass with a solar energy efficiency of 2 -4.. Averaged
over a farming year. however, not more than 05% solar energy efficiency can be
expected. As plants also consume energy for their living processes. the real
energy conversion efficiency could be higher by a factor of two. Since a mechanism
leading to energy storage always consumes energy, the primary energy conversion
efficiency in the most efficient plants may reach 10%" in the most efficient season

From thermodynamic calculations we know that photon-absorbing materials may
produce a solar energy conversion efficiency of up to 3 P'o, depending on their band
gap or absorption gap (figure 2). The best evidence that this can reasonably well be
approached is given by the highly developed electronic materials silicon and gallium
arsenide. Solar energy conversion devices made of silicon with its energy gap of
Eg = I-I eV may have a theoretical energy conversion efficiency limit of 27",, whilc
24% has been achieved in the laboratory. Gallium arsenide solar cells with an energy
gap of approximately Eg - 1-5eV have a theoretical energy conversion efficiency of
close to 3016 while 27%, has been reached in the laboratory- Several solar energy
absorbing materials arranged into a cascade reach theoretical solar energy conversion
efficiencies beyond 50W which suuests that at the long term practical solar energy
conversion efficiencies of the order of 40% may be expected.

Energy is always lost during energy storage in chemicals such as hydrogen. However,
for water photoelectrolysis with a tandem solar cell a theoretical energy conversion
efficiency of 27% and a practical one of 20% have been estimaled (Bolton et al 1985).
This means, that well-developed technical solar energy systems for the production
of chemical energy could become more efficient by a factor of 40 than agricultural
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ones (0-5%o as yearly average). These considerations clearly show the promise of
technical systems for solar fuel generation, which should motivate on-going research.

3. Strategies for solar fuel generation

3.1 Photovoltaic-electrochemical generation of hydrogen from water and of carbon
compounds from carbon dioxide

The technically most straightforward way for solar fuel generation is photovoltaic
generation of electricity for the production of chemicals by electrochemical syntheses.
'The classical technical vision of solar pioneers are huge photovoltaic installations in
the deserts, which produce electricity for the electrolysis of seawater. A practical
obstacle is at present the high cost of photovoltaic electricity which still is ten times
as expensive as electricity produced from fossil fuels. However, photovoltaic energy
will become cheaper with mass production and improved manufacturing techniques.
It may also be expected that social costs of fossil energy, including political and
environmental costs, health consequences and greenhouse effects, which are significant,
may gradually be added to increase the prize of fossil energy. Recently, the concept
of huge centralized photovoltaic power stations has seen a gradual transformation.
It became apparent, that - especially in countries with much sunshine - most photo-
voltaic energy needed could be produced by photovoltaic panels installed on houses,
in villages and cities. Small electrical inverters, directly integrated into the panels
would convert the direct photocurrent immediately into alternating current which
could be coupled into the public electricity grid. In fact, such inverter-equipped panels
could directly be plugged in into the grid and during sunshine would only cause the
electricity counter to invert the movement and count the negative consumption
(equivalent to production). The advantage of such a decentralized, grid-connected
photovoltaic system would be that the installation would be simple and flexible and
electrical losses would be relatively small. Inconvenient and expensive direct current
irstallations, such as thick cables, could also be avoided. The electrical energy could
conveniently be used in centralized installations for hydrogen production for chemical
use or for electricity generation in fuel cell power plants (figure 3). Energy self-sufficient
solar houses can produce hydrogen directly under pressure to avoid compression for
hydrogen storage. A problem, concerning electrode degradation as a consequence of
a highly irregular energy supply for water electrolysis could be surmounted by applying
a bias potential to the electrodes during intervals without solar energy. Electrode
corrosion could in this way be avoided with just a small sacrificial loss of energy.

Electricity can, of course, also be used for direct reduction of carbon dioxide.
Recently, much effort has been made to develop metallic electrodes for the generation
of alcohol, methane or other chemical energy carriers from carbon dioxide (Azuma
et al 1990). Pure copper electrodes turned out to be catalytically the most active
material. However, inhibition by intermediates, limited selectivity of the electrodes
and toxic side products (carbon monoxide) remain a problem. Additional complications
are that relatively high overpotentials have to be applied, that catalysis is limited to
comparatively small current densities and that for the applied electrode potentials
hydrogen evolution is an efficiency reducing competitive reaction.
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Figure, 3. Picture showing decentralized photovoltaic energy production on houses.
interconnection with the alternating current grid and centralized hydrogen production and
reutilization.
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Figured. Photosynthesis as well ma pothermally powered chemosynthesia can lead to the
build-up of carbon compounds via the Calvin cycle.
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In principle, it is possible to isolatt biological enzymes which are active in carbon
dioxide reduction and to immobilize them o: !lectrodes. But it turns out to be very
difficult to keep the immobilized enzymes active for a reasonably long time period.

3.2 Phorovoltaic.electrochemnical or photoelectrochemical generation of simple energy
carriers (e.g. Fe(II) from Fe(Iil). which provide th• energy rource for carbon dioxide
fixating bacteria

Photosyt.hesis is not the only energy basis sustaining biological ecosystems on earth.
Chemosynthesis can also support life and also leads to fixation of c~rbon dioxide
for living activities and biomass formation. Well-known examples are s,,bmarine
ecosystems existing around so-called black smokers, which are powered by geothermal
energy and l;ocrate reduced species (e.g. Fe(ll)), sulfur and sulfides (figure 4).

B.cteria like Thiobacillus ferrooxidars use the inorganic chemical energy as their
only energy source to drive carbon dioxide fixation. In addition they only need a
few salts for the supply of chemical elements and an acid environment (pH < 3) to
avoid precipitation of Fe2(SO,) 3. These bacteria are approximately 1 um long, of
oval shape and are equipped with a rotating flagellum for propagation. They, in fact,
use the same Calvin cycle as plants for carbon dioxide fixation and biomass formation
but use inorganic chemical energy instead of photon energy as primary energy source.
Depending on whether the bacteria use Fe2 + or a sulfide (FeS2) as the energy source,
the energy converting chemical reaction can be written as follows.

boot., CO0

4FeSO 4 + 2H22SO 4, + -02 - - 2Fe,(SO4 )3 + 2-2.0 + biomass, (!)
b,,i., COI

2FeS 2 + 702 + 2HO -12 2FeSO, + 2H 2 SO, + biomass. (2)
Biomass formation is based on the fixation of carbon dioxide according to the Calvin

cycle:

CO 2 * 3ATP + 2NADH -(CH 2 O) + 3ADP + 3P, + 2NAD, (3)

Both the energy carriers ATP and NADH are generated by the energy liberated
during Fe24 oxidation (7.84-5S89kcal/mol between pH 1.5 and 3) and sulfide
oxidation respectively (- 200kcal/mol for a disulfide). 118kcal/mol of energy is
needed for the reduction of carbon dioxide.

The strategy of using solar energy for the synthesis of simple energy carriers
consumed by chemoautotrophic bacteria has been discussed in some detail (Tributsch
1979, 1982, 1989). In the simplest technical set-up (figure 5), solar energy is uscd to
generate Fe" and oxygen in an electrochemical cell eith':r by photovoltaic or
photoelectrochemical energy. These two chemical species are sufficient to activate
the Calvin cycle via the bacterial metabolism which is able to fix carbon dioxide.
19Fe2  ions must be oxidized for the fixation of one CO 2 molecule, In addition, the
bacteria (Thiobacillus ferrooxidans) only need sonic inorganic minerals and trace
elements, which has been confirmed in many cultivation experiments (Kelly et al 1977).

It is thus sufficient to generate Fe2 + and O2 by photovoltaic or photoelectrochemical
processes to providethe basis for continuous growth and continuous carbon dioxide
fixation by bacterial culture. This proceiss is simple and efficient since the required
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Figure 5. Solar electrochemical and thermoelectrochemicul generation of chemical energy
carriers (Fe 2". FeS2 ) for bacterial biomass production.

electrode materials (noble metals and RuO 2) are available and the bacteria rapidly
reproduce in presence of the energy source. The real growth yield (gram dry weight
per gram atom Fe *) has been determined for continuous cultures to be 1.33,
corresponding to an energy efficiency for CO 2 fixation of n, -78-8",, (Kelly et al
1977). Since bacterial life processes themselves consume energy, the real efficiency is
reduced to -,, = 47% (corresponding to a real growth yield of 0 .8).

Considering an efficiency of i/, = 80% for the photovctaic generation of Fe2 + in
an electrochemical cell, it is founi that the total efficiency i = uk 17,0 for carbon
dioxide fixation would be approximately one third of the photovoltaic energy
conversion efficiency. This means that for a solar cell with 15% solar energy conversion
efficiency the efficiency of carbon dioxide fixation would be approximately 17 = 5.6%.
This is higher than the efficiency of photosynthetic carbon dioxide fixation. If sulfide
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compounds could be synthesized from sulfate by solar-powered electrochemical
processes, these sulfides could, of course, also serve as energy carriers for the bacterial
energy cycle. The energy density of sulfide/sulfate-based solar-powered biomass
production systems would be significantly higher, since the bacteria can gain much
more energy from sulfide oxidation.

3.3 The direct photgelectrocatalytical generation of solar fuels with especially tailored
photoactive semiconductor electrodes

The most fascinating and ambitious strategy for the production of chemicals with
solar energy is the direct photoelectrochemical synthesis with catalytic electrodes. It
is an interfacial molecular photoelectrochemical approach which follows, with new
materials, the principle of the photosynthetic mechanism applied in the thylacoide
membranes of plants. In this approach, electrode materials have to be identified,
which not only temporarily store excitation-energy (semiconductors with an energy
gap appropriate for harvesting solar energy), but which also photoreact in a way
which facilitates the formation of chemical products which store energy. A key target
has been photoelectrochemical water splitting, which can be separated into a cathodic
hydrogen-evolution step and an anodic oxygen-evolution step. Hydrogen evolution
is a kinetically simple reaction and can quite easily be accomplished using metal
cata!yst particles (e.g. Pt, Pd, Ni) on photoactive electrodes. Oxygen evolution.
however, is a complicated multielectron-transfer reaction and remains the real
problem in the water-splitting reaction. Many strategies have been tried to accomplish
photoLlectrolysis of water including the use of oxides with large energy gaps, of
scmico:iductors which are covered by stable thin-oxide films, catalytic metals or
catalytic polymers (for a review see Tributsch 1989b). Much research has been directed
into the photoreaction of TiO2 and related large gap oxides (e.g. SrTiO 3) with water.
Even though the photoelectrochemistry of these materials is very interesting, it has
not really advanced our knowledge on water Rplitting with visible light. The oxidation
potential (quasi-Fermi level for holes) at UV-illuminated TiO2 interfaces is so positive
that OH-radicals can be generated by direct oxidation of OH-. This is the basis of
a radical photoelectrochemistry which also allows evolution of oxygen. Such a process
is interesting for the degradation of organic waste compounds (Fox 1989), but
energetically not favourable for water splitting using visible light.

Our strategy for the photoelectrochemical production of chemicals has been to
provide photoelectrodes which allow light-induced interfacial coordination chemical
mechanisms to proceed via transition metal states (figure 6). Many transition metal
compounds with energy bands derived from transition metal d-states have been
investigated (table 1). Generally it turns out that an anodic photoreaction with water
is possible when photogenerated holes are provided for the interfacial reaction via a
semiconductor valence band derived from d-states. However, the transition metal
must be able to reach a ,,irficiently high oxidation state for oxygen evolution (e.g.
Pt, Ru, Re, Ir). If this is not the case as with Fe in FeS2, the oxygen is transferred
to the sulfur for sulfate formation. The oxidation of the chalcogen is favoured when
changing from a sulfide to a selenide and telluride (e.g. in RuX2-compounds) due to
an increasing everlap of chalcogenide p states with valence band d-states.

Water photooxidation to molecular oxygen is efficient when the valence-band edge
is made up of pure d-states (Jaegermann and Tributsch 1988). There is no doubt that
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a photoinduced interfacial coordination complex is formed with water. Ion-scattering
experiments have indeed confirmed that electron donors like I -, Br or OH - interact
with the interfacial metal centers of the electrode. Attachment of suitable metal ligands
to these interfaces (e.g. CN. CO. pyaiine) improves photoinduced interfacial electron
transfer (Schubert and Tributsch 1990. Bilker el al 1993) which supports the picture
of metal-centered interfacial coordination photoelectrochtmistry.

For a long time it remained a puzzle why van der Waals surfaces of layer-type
transition metal dichalcogenides with d-band structure are photocatalytically active
even though the surface-atom layer is made up of chalcogen atoms. Potential-assisted
water photooxidation to molecular oxygen has not only been observed for PtS,
(Tributsch and Gorochov 1981), though with a high overpotential typical for platinum.
but also for freshly cleaved MoS2 for the first 6-8 hours after starting the experiments.
For MoS2 the water oxidation to molecular oxygen, measured by polarographic
techniques, gradually changes to molybdenum sulfate formation and corrosion (Tributsch
1977). This latter reaction is facilitated at edge sites of the material, which expose
dangling bonds. It may be concluded that water oxidation to molecular oxygen is
even possible with a comparable modestly active catalytic metal such as molybdenum,
as long as there are no dangling bonds in the environment which could react with
intermediate species such as surface-bound oxygen. However, it was unclear how
water molecules could have access to the molybdenum d-states through a monolayer
of sulfur. Recently, high resolution tunnelling electron microscopic pictures performed
at TaSe2 have clearly shown that the Mo-dzl charge-density contours are visible
besides those of the surface sulfur atoms. Atoms at two differena levels are sensed by
the tunnelling tip. The transition-metal charge density does protrude upward between
the sulfur charge density so that it is accesible for reactants from the electrolyte and
for chemical interaction (Haneman and Tributsch 1993).
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semiconductor (MoS ,PtS: I showing acesuibililty of metal d:' orbitals for interaction with
water. An edge site, where corrosion occurs. is also shown.

This explains, why potential-assisted photoinduced oxygen evolution was observed
at freshly cleaved MoS2 surfaces. The lack of dangling bonds at the van der Waals
surface kept the Mo-peroxo complex sufficiently stable for oxygen evolution.

This confirms that photoelectrochemical interaction of water with transition metals
is the key to water oxidation to molecular oxygen. As long as the peroxo-type complex
can be stabilized and side reactions are largely suppressed, oxygen may be liberated
even with a modestly active transition metal. However, as soon as side reactions with
increase of step-site formation (exposed dangling bonds) dominate, sulfate formation
and corrosion result. This means that we need not only form a suitable transition
metal complex with water photoelectrochemically but have also to provide for a
suitable chemical environment. Transition metals which allow the formation of high
oxidation states (Ru, Pt, Ir) do not seem to readily shift oxygen from their peroxo
complex to the sulfur. Therefore photoreactions lead to oxygen evolution when these
metal centers are active on d-type sulfide serniconductor surfaces. The compound
RuS2 turned out to be very efficient for photoinduced potential-assisted oxygen
evolution (up to 40% quantum efficie•acy observed (Collel et al 1993)) and kinetically
very stable (not dissolved by aqua regia). However, when in ruthenium disulfide one
sulfur atom is replaced by phosphorus, so that the semiconducting compound RuPS
is formed, corrosion is significantly increased (Fleming and Tributsch 1993). The
reason may be the ease with which oxygen can be transferred to phosphorus to form
soluble phosphate. The molecular basis of interfacial photoreactivity of RuS 2 for
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water oxidation to molecular oxygen is presently investigated with new techniques
and with systematic maierial modifications. It turns out thai the electrical field in
the Helmholtz-layc- contributes to the efficiency of oxygen evolution (Alonso Vante
ei tl 1993). Electronically degenerate samples which produce a significant potential
drop in the double layer show improved oxygen evolution. which indicates that a
potential-dependent activation harrier may be controlling the reaction. Since proton
exchange between the surface and the electrolyte participates in the oxygen-evolution
process, this ion-transfer mechanism (e.g. desorption of protons as steps leading to
the formation of an interfacial peroxo complex) may be rate determining (Alonso
Vante ,,t i 1993). The requirement of an interfacial electrical field for photoinduced
water oxidation would be an important restriction for semiconducting oxygen
evolution electrodes.

To improve the catalytic activity of materials for photoinduced multiclectron-
transfer. semiconducting d-band materials were developed which provide clusters of
transition metals as reservoirs and interfacial coordination centers for reactants
(Alonso Vante and Tributsch 1986). Most of these are of the type M. Moe, , X..
MMo,,X,. or Re5,X 5 Y, (M = metal: X = S. Se: Y ý Cl. Br) and permit insertion (if
additional metal atoms into channels between transition metal clusters. At such
interfaces with clustered transition metal centers. interfacial complexes. which can
accommodate several electrons needed for multiclectron-transfer catalysis. are
expected. It turns out that oxygen-reduction and hydrogen-evolution in acid solution
at scmiconducting electrodes of the type Ru, Mo.4 Se, are as efficiently catalyzed as
at platinum electrodes Alonso Vante and Tributsch 1986. Alonso Vante er ol 1989).
A systematic variatlon of metals inserted into cluster materials showed that cooperative
interaction belween metal atoms is important for multielectron transfer. However,
the proximit, of another atom is not important for hydrogen evolution, since the
indisidually most active catalytic element. present in the semiconductor interface. is
involved in hydrogen evolution catalysis.

Even though cluster compounds with reasonably good photoeffects could be
developed and have demonstrated photoindcced oxygen-reduction behaviour (FIischer
e't al 1993) with high photocatalytic activity, they have not yet shown sufficient
stability for anodic photoprocesses. It turned out that anodic metal oxide formation
by less noble metals (e.g. Mo) leading to soluble oxidation products is a limiting side
reaction. Cluster compounds. on the other hand, now already appear to be catalytically
very favourab!e for cathodic multielectron reactions.

Interfacial coordination chemical mechanisms may be a precondition for photo-
electrolysis of water but cannot guarantee a low overpotential. The overpotential
needed will largely be determined by the energetic position and the stepwise dynamic
transformation of electronic states of the interfacial coordination complexes formed.
However, transition metal clusters serve as reservoirs for electrons and the energetic
variation of states in complexes formed during multielectron transfer with these is
more restricted, which is an energetic advantage.

3.4 Irreversible, nonlinear thermodynamics - a key to efficient kinetics and stability
of fuel producing interlaces?

Several arguments indicate that autocatalysis and dynamic structural changes during
electron transfer are additionally needed for energy efficiency during multi-electron
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transfer reactions. In order to avoid successive transfers of electrons with all the
difficulty of controlling the energetic properties of intermediates, it may be attempted
to transfer electrons collectively in a cooperative way. This concept is new and goes
beyond classical electron transfer theory, which only knows successive electron transfer
steps. A key element of cooperation within the framework of irreversible thermo-
dynamics is autocatalysis. When the first electron is transferred it must form an
intermediate state which exerts a feedback upon the second, third or following electrons.
Model calculations indeed show that a "slaving" of degrees of freedom can occur
which theoretically proves cooperative electron transfer (Pohlmann and Tributsch
1992; Tributsch and Pohlmann 1992). It can intuitively be understood in analogy to
photon emission, which by feedback mechanisms (stimulated emission) turns into
coherent laser light. Calculations show that onset of cooperation is accompanied by
a breakdown of the activation barrier. In practice, this irreversible thermodynamic
approach to multielectron transfer and chemical fuel generation means that very
specific electronic-dynamic conformation changes must occur during the process. It
may perhaps procee, in the above-mentioned cluster compounds during multielectron
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transfer since the volume of the clusters is increased when electrons are extracted.
Model calculations show that nonlinear feedback is needed for cooperative electron
transfer.

Water photoelectrolysis - as it occurs in photosynthesis - is an energetically extremely
efficient process since it occurs very close to the reversible thermodynamic oxidation
potential of water (Eo = 1.23 V) and may thus be considered to be a phenomenon of
nonlinear irreversible thermodynamics. The accumulation of four photogenerated
holes in the manganese complex may proceed in the conventionAlly described way.
however, during transition of the state J, to J0 (which is accompanied by oxygen
evolution), the first electron extracted from water must induce an autocatalytic
feedback inducing an increase of the transfer rate of the second and the following
electrons for inducing cooperative electron transfer. A key problem in this new approach
to multielectron transfer catalysis is to understand and properly handle autocatalytic
reactions.

Figure 9 compares classical stepwise multielectron transfer with cooperative electron
transfer triggered by nonlinear autocatalysis. In this way new nuclear configurations
for both the reactant arid the product are formed which dramatically reduce activation
barriers. It can be imagined that an autocatalytic configuration pathway can be
exploited to reach a much more favourable electron-transfer situation.
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Cooperation in catalysts of fuel production may not he the only irressers.il process
of a new kind to be explored for solar fuel production. It is well known i•hat hiological
membranes are unstable when extracted from biological ,ytenm, and it is %%ell known
that artificial photoelectrochemical cells have problems, with instability. 1he key
strategy which nature employs to stabilize fragile structures is the export of entropy
(increase of orderi through cooperative mechanisms, based on autocatalytic processes.
The entropy of a critical system is maintained by channelling entropy production of
the irreversible ,ystcm through uncritical pathways and by repairing damage. We
call the phenomenen self-organization. We may have to learn about it to handle the
stability problems of photoclectrodcs.

4. Discussion

We have scen that initiatives towards solar-fucl production meet seveial frontiec
One is of political nature. As long as fossil fuels are sold at such low prices without
taking into account the real social costs and long-term environmental degradation
including the greenhouse effcct, fuel from solar energy will not be able to compete.
We should nevertheless make efforts to develop solar-fuel technologies because sooner
or later mankind will realite the't it is not possible to cheat nature and time. Fossil
fuels are in fact "borrowed biomass". for which we should pay interest because
accumulating carbon dioxide will have to be recycled by photosynthetic processes.
This interest (or carbon dioxide tax). should be used to counteract the greenhouse
effect by reforestation. energy-efficient architecture, introduction of solar energy
technology and energy saving

The second frontier is a strategic one. Transition to solar energy utilization should
be a gradual one and should, to a large extent, guarantee the advantages of modern
technology. It should also not threaten the survival of cities with high densities of
population. It is my feeling that the most convenient approach to large scale solar
fuel production would be the strategy sketched in figure 3: Photovoltaic systems
installed in large numbers on buildings, ovter otherwise-used land and in small
photovoltaic plants, which are interconnected with the publict eletricity grid, will
supply most of the electrical energy. Surplus electrical energy will be extracted from
the grid in special electrolysis plants For hydrogu~n production. This hydrogen can be
stored to be reconverted to electrical energy via fuel cells. It can also be used for the
chemical industry or its energy stored in the form of methanol or ammonia after
combining it with carbon dioxide and nitrogen respectively for further use.

An alternative and complementary strategy for chemical-fuel generation from solar
energy could be based on the photovoltaic electrochemical generation of a simple
inorganic energy carrier such as Fe2 'ifrom Fe' ' ). In the presence of oxygen it is
the only energy carrier needed for carbon dioxide fixating bacteria, which provide
high quality biomass containing proteins, carbohydrates and lipids. The solar energy
efficiency of this biomass route based on chemosynthetic bacteria exceeds natural
photosynthetic energy conversion efficiency. This strategy, which can also be based
on a sulfide-sulfate energy cycle, could in fact become the background of an entirely
artificial type of agriculture, practicable on infertile desert land.

The third frontier is the microscopic, molecular photoelectr6chemical one, which
aims at direct photoinduced water splitting or carbon dioxide fixation. This route
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closely follows ýhe strategy applied in green plants, but must, for the near huture. rely
on sigrniicantly less complicated materials and processes, Much research is still needed
to produce ene~rgy-storing chemicals through such direct interfacial photocatalytical
mechanisms. We have shown that a material research strategy towards photoelectrodes
ablc to induce interfacial coordination chemical reactions with water or other reactants
for multielectron transfer mechanisms is very promising. Water can indeed be photo-
oxidiz~ed to oxygen with high quantum efficiency. However. the overpotcntial cannot
easily be controlled and limited to low values.

Here we have introduced a iiew strategy ito improve the kinetics of fuel generation.
The feasibility of cooperative electron transfer has been theoretically demonstrated.
The catalyst must he able to exert feedback reactions on subsequent electron transfer
steps during electron transfer. This means that it must have the property to induce
autocatalytic processes. Such mechanisms belong ito nonlinear irreversible thermo-
dynamics. This is a field we consider of great challenge for photoclectrocherristry
since it provides mechanisms which can extract entropy or increase order locally at
the expense of general entropy production. Entropy export would be helpful both
for stabilizing energy-converting electrode interfaces and for the photosynthesis of
complicated molecules. Nature has skilfully explol.;d the potential of far-from.
equilibrILM mechanisms and it may be that for improved solar generation of fuels
we also will have to learn to handle them.
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Photobiotechnology: Application of photosynthesis to the production
of renewable fuels and chemicals

E GREENBAUM
Chemical Technology Division. Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge,
TN 37831-6194. USA

A' -e' Sustained hydrogen photoevolution from Chlamydvmonas reinhardati and C.
nsoewwsli was meaured under an anoxic, C0 2 -containing atmosphere. It has been discovered
that light intensity and temperature influence the partitioning of reductant between the
hydrogen photoevolution pathway and the Calvin cycle. Under low incident light intensity
(1-3 W m- 2) or low temperature (%: 00

C), the now of photosynthetic reductant to the Calvin
cycle was reduced, and reductant was partitioned to the hydrogen pathway as evidenced by
sustained H2 photoevolution. Under saturating light (25 W m- -) and moderate temperature
(20 ± 5°C), the Calvin cycle became the absolute sink for reductant with the exception of a
burst of H, occurring at light on. A novel photobiophysical phenomenon was observed in
isolated spinach chloroplasts that were metalized by precipitating colloidal platinum onto
the surface of the thylakoid membranes. A two-point irradiation and detection system was

constructed in which a continuous beam helium-neon laser (A - 632,8 nm) was used to
irradiate the platinized chloroplasts at varying perpendicular distances from a single linear
platinum electrode in pressure contact with the platinized chloroplasts. No external voltage
bias was applied to the system. The key objective of the experiments reported in this report
was to measure the relative photoconductivity of the chloroplast-metal composite matrix.

Keywords. Photobiotechnology; photosynthesis: hydrogen; oxygen; platinized chloroplasts;
water splitting.

I. Introduction

1.1 Hydrogen production

Hydrogen photoevolution by unicellular algae was first demonstrated by Gaffron
and Rubin (1942). Since their pioneering discovery, the reducing power driving
sustained hydrogen photoevolution under anaerobiosis has been shown to be
primarily derived from the water-splitting reaction of photosystem [I (Bishop et at
1977). In green algae, an oxygen-labile hydrogenase couples the oxidation of reduced
ferredoxin with hydrogen evolution. Hydrogenase is a critical catalyst for a number

'The submitted manuscript has been authored by a contractor of the US Government under contract No.
DE-AC05-40R21400. Accordingly, the US Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or allow others to do so, for US Government
purposes.
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of single and multistep reactions. Experimental conditions determine which reactions
proceed (Bishop et al 1977; Senger and Bishop 1979).

Light activated:
(1) Photoreduction: CO 2 + 2H2 +light-.-CH 2 0 + H2 0,
(2) H, photoproduction: XH 2 + light--+ X + H2.
Thermally activated:
(3) Oxy-hydrogen reaction: 2H2 + 0, -. 2H2G0,
(4) Dark CO, fixation: CO2 + H2 + energy -CH 2O + HO,
(5) H2 production: RH2 -4R + H ,
(6) H2 uptake: R + H2 -'-+2H 2 .

In the absence of C0 2 , the absolute light-saturated rate of electron transport is
greatly reduced. Under these experimental conditions hydrogen evolution is the main
pathway for the utilization of photoproduced reductant. The steady-state ratio for
H2 to 02 evolution is usually close to two, indicating that essentially all electrons
generated by the biophotolysis of water are expressed as H2 (Greenbaum 1984; Ward
et al 1985). If CO2 is available sustained hydrogen photoproduction does not occur
(Gaffroa and Rubin 1942; Stuart and Gaffron 1972). Gaffron and Rubin (1942)
demonstrated that under anaerobic conditions dinitrophenol inhibited CO2 reduction
in Scenedesmus and allowed hydrogen photoproduction to occur in the presence of
CO 2. Similarly, glucose and carbonyl cyanide-m-chlorophenylhydrazone stimulated
H2 photoevolution in the presence of CO2 (Kaltwasser et al 1969). Those experiments
suggested the coexistence of two reductant sinks, with the Calvin cycle being the
primary sink in the presence of CO 2 and the hydrogen pathway serving as an alternate
sink that functioned when CO2 was absent or when the activity of the Calvin cycle
was inhibited.

Stuart and Gaffron (1972) approached the problem of dual, competitive pathways
using a closed system and chemical inhibitors. However, a closed-system approach
is severely limited in the useful information that can be obtained. For example,
uniform conditions are impossible to maintain for the duration of an experiment
because the organisms modify their environment by liberating 02 and H2 and
consuming CO2 . This situation leads to non-steady-state conditions that stimulate
several of the aforementioned hydrogenase mediated reactions, thereby greatly
complicating the interpretation of experimental results. The experiments described
in this review have taken a new approach to this problem. First, continuous gas flow
was used; this prevented 02 inactivation of hydrogenase resulting from the accumulation
of 02, which occurred in closed systems such as those used in most other studies of
anaerobic photosynthesis. Second, continuous flow also removed photoproduced H2
and 02 so that the oxy-hydrogen and photoreduction reactions, photorespiration,
and respiration did not occur. Third, the concentration of CO2 was maintained at
a constant level by bubbling an He-CO 2 gas mixture through the sample instead of
supplying CO 2 from finite bicarbonate or gas phase source (Gaffron and Rubin 1942;
Healey 1970; Stuart and Gaffron 1972; Gfeller and Gibbs 1985). Fourth, the ability
to perform long-term experiments in which all measured reactions were driven into
steady-state provided additional information not available previously. The coexistence
of two pathways that directly utilize photogenerated reductant provides a unique
opportunity to experimentally examine the kinetic competition between the pathways
for reductant and 'he regulatory mechanisms that work to control and balance the
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activities of the Calvin cycle, the hydrogen pathway, and the photosynthesis. The key
discovery of this report is control of partitioning of photogenerated reductant between
the hydrogen pathway and the Calvin cycle, by variable light intensity and temperature.

1,2 Photoconductivity

Photosynthesis is vectorial photochemistry. Light quanta that are captured in photo-
synthetic reaction centers initiate a primary electron transfer reaction, resulting in
spatial separation of electrostatic charge across the photosynthetic membrane. The
vectorial nature of photosynthesis lies in the intrinsic orientation of the reaction
centers embedded in the membranes. Electron flow is from the inner membrane
surface of the flattened sac-like vesicles to the outer surface (Amesz 1987). In normal
photosynthesis, electrons from the reducing end of photosystem I are used for the
enzymatic reduction of NADP to NADPH, This reduction is mediated by ferredoxin
and ferredoxin NADP-reductase. NADPH serves as the electron carrier to the Calvin
cycle for the enzymatic reduction of atmospheric carbon dioxide to plant matter.

It has been shown that colloidal platinum can be precipitated onto the surface of
photosynthetic membranes so that water is photobiocatalytically split into molecular
hydrogen and oxygen upon illumination with light of any wavelength in the chlorophyll
absorption spectrum (Greenbaum 1985). Since no electron mediator such as ferredoxin
or methyl viologen was present, the colloidal platinum must have been precipitated
sufficiently close to the photosystem I reduction site to allow interfacial electron
transfer from the membrane to the platinum. The presence of a reticulated network
of platinum particles embedded in the chloroplast matrix suggests that metal-like
properties can, at least partially, be imparted to the chloroplasts, In this work, the
relative photoconductivity of the material was measured by the flow of photocurrent
in the plane of the entrapped platinized chloroplasts of uniform thickness from the
point of laser irradiation to the linear platinum wire electrode,

2. Results

2.1 Hydrogen production

Under anaerobic conditions in the absence of CO 2, the ratio of light-saturated,
steady-state H2 and 02 photoevolution by C. reinhardtii approached two. However,
when CO 2 was introduced. photosaturated 02 evolution increased dramatically and
light-driven H2 evolution ceased, except for a transient burst that occurred when the
light was turned on. These observations were consistent with those of Stuart and
Gaffron (1972).

The 5-10-fold increase in light-driven 02 production corresponded with the typical
increase attributed to the bicarbonate effect on PS II activity (Vermaas and Govindjee
1981). The lack of sustained H 2 photoevolution suggested that CO 2 also affected the
activation of the Calvin cycle because CO 2 is well known to activate RuBP Carboxylase
by providing substrate and positive effector (Lorimer et at 1976). The Calvin cycle
provided a faster kinetic sink for reductant than the H2 pathway thereby eliminating
H2 photoevolution under conditions where photosynthesis and the Calvin cycle were
fully activated.
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2.2 Hydrogenase activity in the presence of C02

Dark hydrogen evolution and the burst of H2 accompanying 'light on' in the presence
of CO 2 indicated that hydrogenase activity was not adversely affected by CO 2 or
the high 02 ohotoevolution rate in the continuous flow experimental system. The yield
of H2 represented by the burst at 'light on' was about 25 nmol lor the cell suspension
containing 50,ugChl. Normalizing the data to I mg of Chi, the H2 yield from the
burst was 500nmol/mg Chl. By measuring the H2 yield associated with the burst in
other, similar experiments, the yield was found to be variable, ranging from 200 to
1000 nmol/mg Chi (data not shown). This information allowed an estimation of the
number of reducing equivalents contributed by each photosynthetic electron transport
chain for the transient burst. The following calculation was based on the data
normalized to I .ng Ch!.

500 x 10- ' mol H2/l(. 1 x 10- 6 mol Chl/500 mol Chl/mol photosynthetic
electron transport chains) - 227 mol H2 /mol electron transport chain.

With 2 electrons per H2 , a total of 454 electrons were spent in the burst of H2 .
This number far exceeds - 5-20 reducing equivalents per electron transport chain
stored in a completely reduced plastoquinone pool (Joliot 1965; Forbush and Kok
1968; Stiehl and Witt 1969; Greenbaum 1979).

To determine the source of the reductant driving the burst of H2 at light-on in the
presence of CO 2 , an ethanolic solution of DCMU was added to the algal cells to
give a final DCMU concentration of 15 MM. This level of DCMU completely eliminated
the burst of H2 at light-on as well as 02 photoevolution (data not shown). However,
sustained light-driven H2 evolution was observed for a few hours after the addition
of DCMU demonstrating that stored reductant can be used for light-driven H2
photoevolution.

2.3 The effect of light intensity on H2 and 0, photoevolution

Light intensity was varied from 0 to 25 W m - 2. Under low-light conditions, sustained
H2 photoevolution was detected with the maximum ratio of H2 to 02 being about
one at O0C, sustained, albeit low, H2 photoproduction was observed even at the
highest light intensity.

In the absence of CO 2 at 20'C and at various light intensities, H2 and 02 were
coevolved with a hydrogen-to-oxygen ratio of about 2, as previously reported
(Greenbaum 1984). The yield of H2 and 02 at 00C was similar to that seen at 20 0C,
and the stoichiometry of H2-to-0 2 was % 2.

2.4 The effect of temperature on H2 and 02

Light-driven H2 production was measured at temperatures ranging from 0 to 400C.
Pretreatment of the algae had a significant effect on 02 and H2 photoevolution. The
cells adapted to changes in temperature by shifting their optimal phctoproduction
temperature. For example, cells held overnight at 0°C showed higher 02 yields at
5C than cells taken from 20 to 5°C within 2 h and assayed immediately. After cooling
to 0°C, the algae were assayed for I h then the temperature was raised by 50C and
the same algae were assayed for 1 h followed by another 5°C temperature adjustment
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and I h assay until 40°C was reached. The temperature changes required less than
5 min each and the steady-state rate of photoevolution was then measured after I h
of irradiation.

At O°C steady-state H2 and 02 photoevolution occurred in the presence of CO 2 .
The ratio of H2 to 02 was about 1.2, indicating that the hydrogen pathway was not
the sole pathway for reductant utilization. Under these conditions, competition for
reductant evidently existed between the Calvin cycle and the H2 pathway. Moderate
temperatures (> 5 and < 30'C) caused the cessation of H2 photoevolution; however,
at warmer temperatures (> 30°C), a small portion of the photogenerated reductant
was shunted to the hydrogen pathway.

In the aboence of C0 2, the H2-to-0 2 photoevolution ratio remained close to 2
until the temperature rose to > 25*C. At warmer temperatures, the H2-to-0 2 ratio
significantly exceeded 2, suggesting that additional reductant was being supplied from
a source other than PS Il. The alternative source, which may enter the photosynthetic
electron transport chairz through the plastoquinone pool (Diner and Mauzerall 1973;
Gfeller and Gibbs 1985; Peltier et al 1987), was light driven since TT2 photoevolution
fell to zero when the light was turned off.

2.5 Photoconductivity

Table 1 presents data for four platinum concentrations. A 5-ml qtispension of spinach
chloroplasts (containing 3 mg of chlorophyll) was used. Platinization of chloroplasts
is feasible because hexachloroplatinate can be converted to metallic platinum at pH 7
and room temperature (Anderson 1975). These are experimental conditions that
preserve photoactivity of the isolated chloroplasts. The platinized chloroplasts were
entrapped on a thin, fiberglass filter pad (Millipore, AP40) and were moistened with
Walker's assay medium (Walker 1980), in which the chloroplasts were suspended.
The fiberglass filter pad was 0.3 mm thick, had an active filtration area of 104 cm2,
and contained no binder resins. The thickness of the chloroplast film was estimated
to be between 0.01 and 0.1 mm. A silver-silver chloride reference electrode was piaced

Table 1. Vectorial photocurrents and electron-transfer
distances in platinized chloroplasts as a function of platinum
loading.

Line no. 10,1nA D..,, mm [Pt]b, mg/ml

1 0 0 0.24
2 0 0 0-49
3 3.6 2-3 097
4 7-R 3-4 1"94

'10 is defined as the measured photocurrent when D - 0. This
corresponded to the laser beam position when it was directly
over the ,aear electrode and was the maximum current
measured in each run.
bAqueous-phas platinum concentration from which the
platinum precipitation step was performed. Lines I and 2
are the averAge of two runs each. Line 3 is the average of
three runs. Lire 4 is the average of six runs.
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in pressure contact with the filter; a straight, single, platinum wire of 0.2 mm diameter
was placed in pressure contact with the entrapped platinized chloroplasts. The
electrodes, platinized chloroplasts, and filter paper were held together with lucite
plates and compression screws. To prevent the electrochemistry of atmospheric oxygen
from interfering with thL cathode reactions by providing an alternative electron
pathway, the entire assembly was placed in a small glass chamber sealed with an
O-ring. The O-ring was pierced to allow the passage of two narrow-diameter wires
for establishing electrical contact with the electrodes. Premoistened helium gas flowcd
through the chamber to flush out atmospheric oxygen. After about 45 min, the oxygen
concentration of the chambe, was below 3 ppm as measured by a calibrated Hersch
electrogalvanic cell. Calibration was achieved with an in-line electrolysis cell and
Faraday's law of electrochemical equivalence.

The platinum precipitation step was performed in a water-jacketed reactor cell
containing 8.0 ml of suspension maintained at 20°C. Molecular hydrogen was passed
over the head space of the reactor while a teflon-coated magnetic stirrer was used
to gently stir the chloroplast suspension in a neutral hexachloroplatinate solution.
Purge times of 30 to 60 min were used. After incubation and precipitation, the reactor
chamber was opened to air, the contents were filtered onto the filter pad, and the
cell was assembled as described previously. This coprecipitation step was essential.

The novel observation in this research is the effeci of the precipitated platinum on
the photoconductivity of the chloroplast matrix. Each data point represented a steady-
state flow of current. Although steady-state was achieved within a few minutes of
each change in the laser beam position, sustained photocurrent could be observed
for hours, Each data point represents a dwell time of 15 to 20 min.

The photocurrent had a maximum value when the laser beam was directly over
the platinum wire. Although the laser beam was partially blocked by the wire electrode
when the beam was positioned directly over it, this loss of light was not sufficient to
cause a drop in photocurrent. This observation is reasonable since the diameter of
the laser beam is larger than the diameter of the platinum wire electrode. Also, the
close physical proximity of the laser light and wire on the umbral periphery of the
wire provided for efficient charge collection. The WA tent to which the laser beam could
be moved from the wire and still generate measurable photocurrent depended on the
concentration of the solution from which the platinum was precipitated. Table 1 is
a summary of the data of initial currents and maximum distances that were observed
for varying distances.

3. Discussion

3.1 Hydrogen production

These results establish the coexiste:ce of two competitive pathways for photosyn-
thetically generated reductant and support the findings of Gaffron and coworkers
that under anacrobiosis and CO 2, inhibitors of photo phosphorylation and carbon
reduction stimulate H2 photoevolution in microalgae. Light and temperature
physically accomplished a result similar to that achieved by the chemical inhibitors
used in prior research (Gaffron and Rubin 1942; Stuart and Gaffron 1972). Under
low light intensities the activity of many Calvin cycle enzymes is known to be reduced
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(Buchanan 1980), resulting in an imbalance between the number of reducing equivalents
generated by photosynthetic water splitting and the number consumed for carbon
reduction. At least part of the excess was expressed as H2 via the hydrogen pathway.
Similarly, both high and low temperature caused a disparity between production and
dcmand, again leading to the expression of H2 . Based on these observations and
those of Gaffron and colleagues (Gaffron and Rubin 1942; Stuart and Gaffron 1972),
any event that selectively impairs the demand of the Calvin cycle for reductant should
lead to the expression of the excess reducing equivalents as H2 . The experimental
conditions lead to a relative imbalance between reductant demand by the Calvin
cycle and reductant supply by photosynthetic water splitting. The results suggest that
the activity of the photosynthetic electron transport rhain and the photosystems was
less sensitive to low temperatures and light regulation than the Calvin cycle. The fact
that H2 photoevolution rates under He were comparable at both 20 and 0°C indicated
that hydrogenase was not limiting at the lower temperature.

Hydrogen evolution in the dark was accounted for by the dark hydrogen production
reaction (Healey 1970). The burst of H. at light-on represented H2 photoevolution.
The reductant expended in the burst may be from at least three different sources:
(i) electrons may be released from the completely re.duced plastoquinone pool. One
complete release would account for about 10 hydrogen molicules per photosynthetic
electron transport chain, assuming 20 PQ/pool. (2' Electrons may be released from
a stored pool of reductant other than the plastoquirione pool although this reductant
may enter the photosynthetic electron transport chain via the plastoquinone pool
(Diner and Mauzerall 1973: Greenbaum 1984; Gfeller and Gibbs 1985; Peltier et al
1987). (3) Hydrogen photoproduction may be directly driven by the biophotolysis of
water. Since the amount of reductant necessary to give a hydrogen burst of the
measured magnitude must equal about 450 electrons, the plastoquinone pool cannot
be the sole source of reductant. An alternative pool, biophotolysis of water, or both
may contribute to the transient burst. Inhibition of 02 evolution with DCMU
eliminated the burst of H2 at light-on indicating that the burst was driven by the
biophotolysis of water. However, the observation of sustained light-driven HZ
production in'the absence of 02 photoevolution indicated that stored reductant was
entering the photosynthetic electron transport system under these conditions. The
most likely c %planation for the burst of H2 upon illumination is a time delay between
photosynthetic reductant production and activation of light regulated Calvin cycle
enzymes. Daring the lag time. reductant is partitioned to the H2 pathway. However,
the possibility that electrons from an alternative source contribute to the burst cannot
be completely excluded since H 2 evolution was observed in the presence of DCM U.

In conclusion, the coexistence of two competitive pathways for photogenerated
reducing equivalents has been demonstrated in C. reinhardtUi and C. moewusil adapted
for H2 evolution in the presence of CO 2. The experimental manipulation of electron
partitioning between the two pathways, using the physical parameters of light and
temperature, indicates that the pathways coexist under certain experimental conditions.
These pathways provide the organisms with a mechanism to avoid becoming 'over
reduced' under circumstances where reductant availability exceeds demand. These
experiments also demonstrate that the flow of photogenerated reductant can be
partially and reversibly switched from carbon fixation to hydrogen evolution for the
production of a high-energy, inorganic compound by simply changing conditions in
the physical environment.
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3.2 Photoconductivity

The origin of the photocurrent can be understood as follows: It has previously been
shown that colloidal platinum can make electrical contact with the reducing end of
photosystem I of photosynthesis. This contact was demonstrated by (1) the photo-
catalytic evolution of molecular hydrogen and (2) the observation of photocurrent
in a sandwichlike photobioelectrochemical cell (Greenbaum 1989). Upon illumination,
the platinum electrode in pressure contact with the platinized chloronlasts swung
negative with respect to the silver-silver chloride electrode that was in pressure
contact with the electrolyte-impregnated filter pad. No external bias was placed on
the electrodes to force the direction of photocurrent flow.

A reasonable model for these results, based on the generally accepted structure of
photosynthetic membranes (Marder and Barber 1989), is that colloidal platinum
precipitated onto the externa surface of the thylakoid membranes forms an isopotential
surface whose distance is determined by the connectivity of the reticulated colloidal
particles that are the metallic component of the chloroplast-metal composite matrix.
This distance is a statistical parameter whose average value is determined by the nature
of the platinum precipitation process. When platinum is precipitated, it does so in a
nonspecific manner on the external surface of the thylakoid membrane. There is,
however, an electrostatic between the negative charge of the hexachloroplatinate ions
and the local positive charge of the lysine residues constituting part of the polypeptides
of the photosystem I proteins (Colvert and Davis 1983).

The experimental system described in this work differs qualitatively from prior
research performed with photosynthesis-based bioclectrochemical cells that utilized
various organelles and components to generate photocurrents. Examples of prior
research include chlorophyll liquid crystals (Aizawa et al 1978, 1979), pigmented
bilayer membranes (Tien 1976), chloroplasts (Haehnel and Hochheimer 1979),
chloroplast membranes (Allen et al 1974; Allen and Crane 1976; Allen 1977), algae
(Ochiai er al 1980), and photosynthetic bacterial reaction centers (Janzen and Seibert
1980). For example, a photosystem II-enriched subnwenibrane fraction in a photo-
electrochemical cell operated in potentiostatic mode was used by Lemieux and
CarDentier (1988) to generate photocurrents. The cell included artificial electron
acceptors acting as charge transfer mediators between the photosynthetic membrane
and the working electrode. Trissl and Kunze (1985) took another approach to
generating and measuring photoelectric signals; they studied primary electrogenic
reactions in chloroplasts probed by picosecond flash-induced dielectric polarization.
Seibert and Kendall-Tobias (1982) measured photoelectrochemical properties of
electrodes coated with photoactive-membrane vesicles isolated from photosynthetic
bacteria. In their work, chromatophores isolated from the photosynthetic bacterium
Rhodopseudomonas sphacroides R-26 were prepared as a film on tin oxide electrodes,
and the response to red light was examined in a liquid-junction photoelectrochemical
cell. Alexandrowicz and Berns (1980) measured photovoltages in chloroplast extract
bilayer membranes stimulated by micromolar amounts of oxidants and reductants.

The distinguishing feature of the work presented in this paper is that the planar
composite matrix of precipitated platinum and chloroplast membranes is the conductive
medium. That is to say, unlike chloroplast suspensions coupled to electrodes by
redox-active mediators (there are no mediators in the preparation) or chloroplast
preparations or films in close physical proximity to the electrodes, the composite
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photobioclectronic material itself is the photoconductive pathway. It was demonstrated
that the concentration of the solution from which the platinum was precipitated
directly affects the relative photoconductivity uf the sample.

In conclusion, it has been demonstrated that electrical contact with the reducing
end of photosystem I was achieved by precipitating colloidal platinum in the presence
of isolated chloroplasts. The presence of the platinum had a significant effect on the
photoconductivity of the metal-biological composite material. This work is techno-
logically significant because the photosynthetic reaction centers are nanometer
structures with picosecond switching times. This work demonstrates that the electron
transport chain of photosynthesis can be electrically contacted and that the larger
structural matrix of the platinized chloroplasts demonstrates enhanced photoconduc-
tivity.
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Gold-platinum bimetallic cluster catalysts for visible light-induced
hydrogen production from water

NAOKI TOSHIMA* and TETSU YONEZAWA
Department of Industrial Chemistry, Faculty or Engineering. The University or Tokyo,
Hongo, Bunkyo-ku, Tokyo 113. Japan

AbMtrate. Simultaneous reduction of two kinds of noble metal ions by refluxing in alcohol
in the presence of poly(N-vinyl.2.pyrrolidone) can generally give polymer-protected
bimetallic clusters with a core structure, The structures of the clusters were determined by
the EXAFS measurements. On the other hand, it is known that micelle.protected platinum
clusters work as good catalysis for visible light-induced hydrogen production from water
in a system of EDTA/Ru(bpy), /methyl viologen, The stable dispersions of polymer- and
micelle-p-otected gold/platinum bimetallic clusters were prepared by alcohol- and photo.
eduction, respectively. The dispersions prepared by photoreduction in the presence of micelle

are mainly composed of the mixtures or monometailic gold and platinum clusters, which
cannot work as more active catalysts than monometallic platinum clusters. In contrast, the
dispersions prepared by alcohol-reduction in the presence of polymer are composed of Au/Pt
bimetallic clusters with a "Pt-surrounded Au-cote" structure, which are more active catalysts
than the monometallic Pt clusters as catalysts for the hydrogen production.

Keyword. Bimetallic cluster; platinum; hydrogen production; catalysts; solar energy
storage; electron transfer.

1. Introduction

Production of hydrogen and oxygen from water by using visible light energy has
been a dream for mankind for artificial photosynthesis (see for example, Yamada
et al 1983). Production of hydrogen by visible light irradiation in the system of
EDTA/Ru(bpy)2 */methyl viologen/Pt is a kind of model for such artificial photo-
synthesis (figure 1). Although this system uses a sacrificial electron donor, EDTA,
the production of hydrogen by visible light irradiation is an uphill reaction. In this
system, platinum has been used as a catalyst for the production of hydrogen. Colloidal
platinum is superior to other platinum catalysts like platinum black and conventional
platinum catalysts because of its high specific surface area and transparency with
respect to visible light.

More than a decade ago, we developed a convenient method to prepare colloidal
dispersions of noble metals (Hirai et al 1978; Hirai and Toshima 1986). Refluxing of
the solution of noble metal ions in alcohol without additives usually results in the
formation of black precipitate which is the reduced metal. However, the addition of
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IEDTA.E Ru (p)3 t Ru (;~- u bpy) 2* MV2
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Fimre 1. Visible light-induced hydrogen production in a system of Pt colloid/methyl
viologen/ruthenium complex/EDTA (sacrificial icagent).

n Mm÷ HiOH 1
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precipitates

reflux

polymer-metal complex homogeneous
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Fig", 2. Schematic illustration of reduction of metal ions by refluxing in methanol in the
absence and presence or poly(N-vinyl-2-pyrrolidone).

a water-soluble polymer, especially poly(N-vinyl-2-pyrrolidone), to the solution before
reduction results in polymer-metal complexes which produce the homogeneous and
transparent colloidal dispersion of noble metals on refluxing as illustrated in figure 2.
Colloidal dispersions thus prepared contain metal clusters which are small in size
and of narrow size distribution, They are stable and active as catalysts for months.
The size of the clusters can be controlled by the reaction conditions, such as the type
of alcohol or polymer used, and the concentration of the metal ions or alcohols. The
colloidal dispersion of platinum clusters prepared by this method has been applied
to the catalyst for the system shown in figure 1, indicating an interesting size effect
of the Pt-clusters upon the catalytic activity (Toshima et ai 1981).

More sophisticated platinum catalysts have been developed by using surfactants
(Toshima et al 1988). Thus, visible-light irradiation of the aqueous solution of hexa.
chloroplatinic acid containing surfactant micelles gave a colloidal dispersion of
platinum clusters protected by micelles. If the surfactant has a terminal olefin, UV-
irradiation in the presence of an initiator or v-ray irradiation polymerizes the surfactant
molecules to form polymerized micelle-protected platinum clusters. When the platinum
lusters thus prepared are used as catalysts for visible light-induced hydrogen production

in the system of figure 1, the presence of the hydrophobic micellar phase in a hydro-
philic aqueous medium can promote effective charge separation (figure 3).

Against this background, we would like to present here the preparation and
characterization of bimetallic clusters, and the application of gold/platinum bimetallic
clusters to the visible light-induced hydrogen production from water.

2. Preparation sad characterization of collodal dispersions of bimetallic dusters

Colloidal dispersions of bimetallic clusters can be easily prepared by refluxing the
mixed solution of both metal ions in alcohol in the presence of poly(N-vinyl-2.
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Figure 34. Schematic illustration ot effective visible light-induced hydrogen production by
using micelle-protected Pt clusters as catalyst.
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Figure 4. Dependence upon the metal composition of the catalytic activity of Pd/Pt
bimetallic clusters for partial hydrogenation of l,3-cyclooctadient.

pyrrolidone) (PVP). For example, the solution of PdCI2 and H2 PtC14 in ethanol/water
(1/1, v/v) in the presence of the PVP was refluxed for I h, resulting in colloidal
dispersions of the Pd/Pt bimetallic clusters (Toshima et a! 1989). The bimetallic
clusters are smaller in size and narrower in size distribution than monometallic
platinum or palladium clusters. The Pd/Pt bimetallic clusters thus prepared were
used as catalysts for partial hydrogenation of 1,3-cyclooctadiene to cyclooctene. The
dependence of catalytic activity on the metal composition (figure 4) indicates that
the Pd/Pt bimetallic cluster at a Pd concentration of 801%, i.e., Pd/Pt (4/1), has the
highest activity, about 3 times that of the monometallic palladium cluster (Toshima
et at 19S9).

The structure of Pd/Pt (4/1) bimetallic clusters has been determined by using an
EXAFS technique (Touhima et at 1990, 1991; Hatada er at 1992). Four kinds of
coordination numbers obtained from EXAFS measurements for Pd/Pt (4/1) clusters
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F•iure •5. Model for Pd/Pt (4/1) bimetallic crasters. FIgure 6. Model for Pd/Pt (1/I) bimetallic clusters.
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can be compared with those calculated for the model structure shown in figure 5,
indicating that the Pd/P; (4/I) cluster has a "Pd-surrounded Pt-core" structure. Even
though the Pd/Pt ratio is varied, the Pt-core structure is maintained. Thus, the
Pd/Pt (1/I) cluster has the structure shown in figure 6. In this structure, some of the
Pd atoms located on the surface of the Pd/Pt (4/1) cluster have been replaced by Pt

atoms, but the other Pd atoms still remain on the surface forming islands.
Au/Pd bimetallic clusters were also prepared by the same method as described

above. Their structures were analyzed by the EXAFS tetchnique again. Thus, the
Au/Pd (1/4) bimetallic cluster was shown to be a Pdd-surrounded Aucore as shown in
figure 7 (Toshima et al 1992). In a similar way, the Rh/Pt (I/1) bimetallic cluster has
been determined to be an assembly of microclusters with Rh-surrounded Pt-core
structure.

From these results, it can be concluded that there is a tendency for noble metals
to form the inner core thus: (inner) Auu> Pt> Pd> Rh (outer). This tendency could
be attributed to the coordination ability of the metal to the PVP which surrounds
the metal cluster for protection.

.. Colloidal dipersion of Au/Pt bimetallic clan ters

Colloidal dispersions of Au/Pt bimetallic clusters were prepared by simultaneous
photoreduction of HAuCI4 and Hb PtCI6 in water in the presence of nonionic sur-

to frm he nne coe tus: innr) u >Pt Pd> R (ouer) Ths tndecy oul
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factants C,, EO and by simultaneous alcohol reduction of HAuCI4 and H2 PtCI16 in
ethanol/water in the presence of the water-soluble polymer, poly(N-vinyl-2- pyrrolidone)
(PVP). The former method was used to obtain micelle-protected Au/Pt bimetallic
clusters and the latter, to obtain polymer-protected Au/Pt bimetallic clusters. These
clusters used for catalysis of visible light-induced hydrogen production from water
in the system EDTA/Ru(bpy)l * /methyl viologen.

3.1 Photoreduction system

The degassed solution of H2 PtCI6 and HAuC14 in water in the presence of polyethylene
glycol monolaurate (C12EO) was irradiated by visible light under argon for 4h,
resulting in reddish-brown solution. The bimetallic dispersion samples thus obtained
were used as the catalyst for visible light-induced hydrogen production. The results
are shown in figure 8, along with those of physical mixtures of monometallic Au and
Pt clusters prepared senarotdy by the same method, and those of the monometallic
Pt clusters at conceuitations equal to the Pt fraction of the Au/Pt bimetallic clusters.
The comparison of these three kinds of catalysts indicates that the physical mixtures
have the same activities as those of the monometallic Pt clusters, which means that
the coexisting Au clusters have no effect on the catalytic activity of the monometallic
Pt clustrs. On the other hand, the Au/Pt bimetallic samples result in slightly higher
catalytic activities than monometallic Pt clusters or mixtures. The increase in the
activity is not as large as expected. This is actually because Au/Pt bimetallic samples
are mainly composed of monometallic Pt and mononmetallic Au clusters, and contain
the Au/Pt bimetallic clusters only in small fractions. This is confirmed by comparing
the particle size distribution of the Au/Pt(3/2) bimetallic sample with that of
monometallic Au clusters. Thus, in the Au/Pt bimetallic sample, the large particles
are mainly composed of Au clusters and the small particles are the Pt clusters. Some
particles in the intermediate size range are probably the Au/Pt bimetallic clusters.

1.2

~1.0

0 0.80°.2
0.4

0 20 40 60 80 1o0

Pt/mol%

0.0 1.0 2.0 3.0 4.0 5.0

[Ptl / 10 "mol di" 3

Figue &. Visible fight-induced hydrogen production catalyzed by C13 1O-protected Au/Pt
bimetallic clusters (0), physical mixtures of monometallic Au and Pt clusters (O), and
monometallic Pt clusters at concentratlons equal to the Pt fraction of Au/Pt bimetallic
clusters (0).
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Filmure 9. UV-Vis absorption spectra of (a) PVP-protected AuiPt bimetallic clusters and
(b) mixtures of Au and Pt monometallic clusters.

The same conclusion can be drawn by comparing the UV-Vis absorption spectra
of the Au/Pt bimetallic samples with those of the physical mixtures. The physical
mixtures always have the absorption peak at about 545 nm, which is attributed to
the plasma absorption of Au, the peak height of which corresponds to the fraction
of Au clusters in the mixtures. The micelle-protected Au/Pt bimetallic , imples also
have the same absorption peaks, although the peak height is not as high as that of
the mixtures.

3.2 Alcohol-reduction system

The solution of H2 PtCl, and HAuCI, in water/ethanol (1/1, v/v) in the presence of
poly(N-vinyl-2-pyrrolidone) (PVP) was heated to refluxing under argon for 2h,
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resu!:ing in a dark brownish solution (Toshima and Yonezawa 1992). The dispersions
thus obtained are composed of small metal particles with rather narrow size distri-
bution, as shown by observation with a transmission electron microscope (TEM).

The UV-Vis absorption spectra of a series of PVP-protected Au/Pt bimetallic
clusters, shown in figure 9a, are quite different from those of the mixtures of mono-
metallic Au and Rt clusters (figure 9b) and those of the C, 1EO-protected Au/Pt
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Figure Il. Schematic illustration of the formation by alcohol reduction of PVP.protccted

Au/Pt bimetallic clusters,

clusters. Thus, the plasma absorption of Au decreases quickly with increase of
Pt fraction in the Au/Pt bimetallic clusters and completely disappears at Au/Pt = 3/2.
This demonstrates that enough Au atoms are not located on the surface of the Au/Pt
(3/2) bimetallic cluster particle to show plasma absorption. In other words, the Au/Pt
(3/2) cluster particle is mainly covered by Pt atoms, and the Au atoms are located
near the centre of the bimetallic cluster particle, forming an Au core.

The Pt-surrounded Au-core structure is supported by the in situ UV-Vis absorption
spectra during the reduction of a I/1 mixture of HAuCI4 and H2 PtCI6 in the presence
of PVP. As shown in figure 10, the spectrum changes with refluxing time. The change
starts at the disappearance of the peak at about 310nm, due to Au(IlI) ions. Second,
the peak at about 260 nm, attributed to Pt(IV) ions, decreases, and third, the plasma
absorption at 545 nm appears, indicating the formation of Au microclusters. At the
last, however, plasma absorption disappears and the absorption at whole wavelength
increases, suggesting the formation of Pt clusters. Thus, the Au microcluster is covered
by Pt atoms forming particles with Pt atoms over the whole surface.

The process of formation of PVP-protected Au/Pt bimetallic clusters by alcohol
reduction is schematically shown in figure 11, by which the mechanism of formation
of the Pt-surrounded Au-core structure can be understood. The importance of the
coordination ability of PVP should be emphasized again in this case. The stronger
coordination of PVP to Pt atoms as compared to Au atoms could control the order
of the aggregation of the atoms, resulting in the Au core and then the Pt shell.

The PVP-protected Au/Pt bimetallic clusters were used as catalysts for visible
light-induced hydrogen production. The results are shown in figure 12 for a total
metal concentration of 7.5 x 10 - mol dmn- 3 . Comparison of the catalytic activity of
the bimetallic clusters with that of monometallic Pt clusters indicates that Au/Pt
bimetallic clusters have higher activity than the monometallic Pt clusters. This is
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Flgur 12. Catalytic activity depending on the metal composition and Pt concentration,
respectively, of visible light.induced hydrogen production catalyzed by PVP-protected Au/Pt
bimetallic clusters (0) and monometallic Pt clusters (0).

probably because of the ligand effect of the Au core on the Pt slell in the Au/Pt
bimetallic cluster particles. In other wards, the Pt atoms on the surface of the bimetallic
clusters could be rich in electron density by localization of electrons from the inner
Au to the outer Pt because of the difference in electron affinities or ionization potentials
of Au and Pt atoms.

4. Conclusions

(1) Alcohol reduction of mixtures of two kinds of noble metal ions in the presence
of poly(N-vinyl-2-pyrrolidone) can produce poly(N-vinyl-2-pyrrolidone)-prote.ted
bimetallic clusters with a core structure, although photoreduction of the same mixtures
in the presence of micelles produces the complex mixtures.
(2) A common tendency has been observed for the metal which favors the inner core
in the bimetallic clusters prepared by alcohol reduction in the presence of poly(N-
vinyl-2-pyrrolidone): (inner) Au > Pt > Pd > Rh (outer).
(3) Visible light-induced hydrogen p-oduction in a system of EDTA/Ru(bpy)+i/
methyl viologen/metal catalyst cannot be accelerated by the coexistence of Pt and
4,u clusters, but can be accelerated by Au/Pt bimetallic clusters with a "Pt-surrounded
Au-come structure".
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Light-induced hydrogen production using waste compounds as
sacrifical electron donors
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Vienna. Austria

Abstract. Systems for the conversion and chemical storage of solar energy are usually based
on photo-induced electron transfer reactions from an excited sensitizer to an electron
acceptor (i.e. an electron relay compound). We have investigated the photo- and
electrochemical properties of two novel electron relay compounds: 1,1", I".trimethyl(4,2,;
4',4"; 6'.4"']quaterpyridinium trichloride (1) and l,l',l',l"-tetramethyl[4,2'; 4,4"; 6',4"]
quaterpyridinium tetrachloride (Q). When solutions containing Ru(bpy)3 Cll or Zn-porphyrin
(as photosensitizer), compound I or I and EDTA (as sacrificial electron donor) are irradiated
by visible light (U > 400 nm). only the formation of reduced relay compound I occurs. Addition
of platinum catalyst to such solutions with compound I leads to the formation of hydrogen.
Quantum yields are in the range of 5%, calculated for absorbed light. Using other sacrificial
electron donors such as alcohols or glucose (or waste compounds like 4-chlorophenol) did
not result in hydrogen evolution. However, I and ý are reduced by these sacrificial electron
donors in the absence of an additional photosensitizer, when near UV irradiation light
(;. > 280nm) is used. Quantum yields for hydrogen production with compound I are about
2r. calculated for absorbed light out of GC.measurements from H a in the gas phase above
the irradiated solution. The photo, and electrochemical properties of compounds I and I
are discussed.

Keywords. Electron transfer; photo-induced hydrogen production; radicals; electron relays;
relay sensitizer.

1. Introduction

Conversion and chemical storage of solar energy has become mnore ifiteresting since
problems of environmental pollution and greenhouse warming increased. Different
approaches have been made for the conversion of light. Besides the production of
hydrogen by photovoltaic cells (generating electricity), combined with the electrolysis
of water, direct hydrogen production by the direct light driven splitting of water has
attracted much attention (Harriman and West 1982; Pelizzetti and Schiavello 1991),

Such systems are based usually on photo-induced charge separation.

S + hv --S*, (1)

S* + R - S + + R- (2)

A*+D-,A- +DA . (3)

* For correspondence
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After excitation (1) a photosensitizer (S*) releases an electron (2) to an electron-
accepting molecule (electron relay, R) or receives an electron (3) from an electron
donor (D).

In the presence of a suitable catalyst (e.g. platinum) the reduction of water can be
achieved either by the reduced relay radical R- or the reduced sensitizer A- to give H2 :

Pt

R(A-) + H* - R(A) + 1H 2 . (4)

The reduction of the oxidized sensitizer S + (or the oxidized electron donor D") can
be done either by oxidizing water to oxygen (5) or in the presence of a sacrificial
electron donor D. In this case, the oxidation of the electron donor is irreversible in
reaction (3) or (6):

RU02

S÷(D÷)+ ½ HO -- S(D) + 102 + H, (5)

S÷ + D --.,S+D,. (6)

For practical applications, the use of sacrificial electron donor is of interest, only if
it is cheap or a waste product of some other reaction.

The utilization of a (organic) compound as such a donor is strongly limited by the
redox potentials of the sensitizer in its ground and excited state(s).

Since the oxidation potentials of widely used sensitizers (e.g. Ru(bpy)2 +.. E -2+/3+

1-27V, Eo"2* -08V vs. NHE) lie in the region of + 1.5V, we tried to find other
substances with more positive oxidation potentials (in their excited states).

2. Experimental details

Compounds I and 2 (see figure 1) were prepared according to Eichinger et al (1987)
and Bauer and Kdnigstein (1991). Tris (2,2'-bipyridyl) ruthenium (I l)chloride. 61H-20
(- Ru(bpy)l +, Janssen) and methyl viologen (. MV 2 +, Aldrich) were used without
further purification.

N+

R
Figura i. Compounds I and;: 1. R- -CHR'- -,x-3; : R-R'- -CHj;x-4.
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H2-production: Argon-purged solutions [containing I ml relay (compound I or 2.
co = 10- 2 mol/I), 0.5 ml acetate buffer (co - I mol/I), I mol sacrificial electron donor
(EDTA, 2-propanol or glucose, co =0.1 mol/l), 03 ml Pt-catalyst (co = 109 mg/l
prepared according to Bauer and Konigstein (1991)) and 0.2 ml water] were irradiated
by a Hg high pressure lamp (photon flux: Io - (2.1 ± 0.2) x 101 6 photons s- - cm- 2
calculated from 280 to 580 nm, measured by ferrioxalate actinometry).

Solutions with Ru(bpy)' + or proflavine as sensitizer consisting of 0.3 ml sensitizer
(co = 5 x 10- 3mol/l),0.6 ml relay (methyl viologen. compound I or 2, co - 10- 1 2 mol/).
0-S ml acetate buffer (co = I mol/l), 05 ml 2-propanol, 0-3 ml platinum catalyst
(co = 109 mg/I) and 08 ml water were irradiated with visible light (400 nm cut-off-filter,
250W-tungsten halide filament lamp, photon flux: I1oo- 58o0n = (3.33 ± 005) x 1017
photons s - 'cm- 2 ).

The H2-concentration in the gas phase was determined by GC-analysi& (Carlo
Erba Instruments: GC 6000, with HWD-detector 430, column: 2 m packed iron steel
column, filled with 5 A molecular sieve, carrier: N2(99-999%)).

Spectroscopy and fluorescence: All absorption spectra were recorded with a Hitachi
220 spectrophotometer. Fluorescence and excitation spectra were monitored with a
Perkin Elmer LS 50 fluorescence spectrophotometer. As solvents, water (twice
distilled) and acetonitrile (p.A.) were used. The concentration was 10-mol/l, in
acetonitrile BF- was used as counter ion (instead of Cl ).
Cyclovoltammetry: Measurements with compound 1 were reported in Bauer et al
(1992); those of 2 were done with a Polarograph VA663 (Metrohm AG) equipped
with a Scanner VA E612 and Polarecord E506 reference electrode: Ag/AgCI; acetoni-
trile solution (working electrode: hanging mercury drop): supporting electrolyte:
(0.1 mol/l tetrabutyl ammonium perchlorate (TBAP, electrochemical grade),
concentration of compound 2: c - 2 x 10-Imol/i; scan speed: v, - 50 mV/s-200 mV/s.

3. ReIults and discussion

Out of phosphorescence measurements the 0-0 transition energy of Ru(bpy)3÷ is
calculated to be 21 eV. With its ground state redox potentials at Eo"' 3 = - !.27V
vs. NHE, and E'12 + - + 0-8 V vs. NHE, those of the excited triplet state are E2 + *3 =

0.84 V and E"+.- 0.84 V (vs. NHE) (Juris et al 1988). So the maximum oxidation
power of Ru(bpy) + is 1.27 V (in the ground state). Only a small number of organic
compounds (soluble in water) are known, which can be oxidized at this potential (e.g.
EDTA, triethanol amine .... ). Alcohols, acids (Kolbe photoreaction!) need a more
positive potential for their use as sacrificial electron donor agents.

Light-induced hydrogen production experiments with aqueous solutions of
Ru(bpy)3 + (as photosensitizer), methyl viologen (MV 2 +) or compound 1 (as electron
relay substance), platinum catalyst, acetate buffer and EDTA gave Ha with quantum
yields of 15 and 4% for MV'+ and 1. respectively (calculated for absorbed light,
Bauer and K6nigstein 1991, 1993). Using compound 2 instead of MV2 ÷ or I as
electron relay compound, no H2 could be produced. Since the first reduction potential
of 2 (E410 - - 1.5 V vs, NHE, see table 1) is more negative than that of Ru(bpy)2 *
E2+ *• -084 V vs. NHE) no electron transfer can occur from the excited
sensitizer to the electron relay according to (2).
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Tabh 1. Data on compounds I and •.

Relay sensitizer Az,, a E,. 0  dE/dpH E"I" AE 0

compound fnm] mV' [mV] I'V] LeV] M'/%J

1 372 -344 -24 2.87 3.33 2
2 434 -1150' - 171 2'86

EH.o extrapolated values from Bauer and Kdnigtein (1991); all potentials
vs. NHE;

dE/dpH measured with CV at different pH values (pH - 3 - 13) (Bauer and
K6nipteln 1991); EP - £0-o + dE/dpH x pH;

All maximum of fluorescence emision:
+ ÷ redox potentials (pH - 7) of the excited states for the reaction:Rl+* + 2e- ... R+;

AE 0-0  zero-uro transition energy, calculations from A;

0(11MM quantum yields for H3 production (for absorbed light, from
280-360 nm};

* electrochemical measurements of compound 2 were performed in
acetonitrile in the absence of protons.

Hydrogen production experiments with other organic sacrificial electron donors
(e.g. 2-propanol, glucose, 4-chlorophenol) failed due to unsuitable redox potentials,
as described above.

We have shown earlier (Bauer and KUnigtein 1990, 1991, 1993) that 1, 1",1"'-trialkyl
(4,2'; 4', 4'; 6', 4"']quaterpyridinium trichlorides can act both as photosensitizers and
electron relays when excited by near UV light (A > 280 nm). Excitation maxima in
aqueous solutions for compound I were found at 300 and 340 nm (Eichinger et al
1987; Bauer and K6nigstein 1991).

Fluorescence measurements of aqueous solutions of 2 (c = 10- 3mol/l, counter ion:
CIOg) gave emission maxima at 370, 569 and 722 nm. Excitation maxima for the
luminescence at 370 nm could be observed at 346 nm and for the yellow green emission
(569 nm) at 392 and 460 nm (figure 2).

The results are in good agreement with those obtained for other derivatives in the
series of the 1, 1", 1"'-trialkyl[4, 2'; 4',4"; 6', 4"] quaterpyridinium trichlorides (Eichinger
et al 1987; Bauer and Kdnigstein 1991).

Emission properties of both compounds I and 2 in acetonitrile were a little different
from the results in aqueous solutions, reported above. An additional emission band
appeals at 427nm (1) and 429 nm (2) with excitation maxima at 367nm (1) and
378 nm (2) (see figure 3).

Electrochemical measurements of 2 in acetonitrile gave as a result two reversible
reduction steps at - 1.15 and - 1 33,V (vs. NHE). The shift to more negative potentials
compared with I is attributed to the fourth methyl group in 2.

Calculating the 0-0 transition energies out of the fluorescence measurements (Juris
et al 1988) of aqueous solutions (see figure 2 and table 1), we found AE -I - 3'33
and 3.35eV for I and 2, respectively. The redox potentials of their excited states are
obtained with their ground state redox potentials of E101) - -051 V (vs. NHE, pH = 7),
and Eo21- - 1.15 V (vs. NHE) from cyclic voltammetry (CV): E• - + 2.82 and + 2.20 V
(vs. NHE) for I and 2, respectively (see table 1). This is much more positive than the
potential which can be reached by Ru(bpy)]+.



Light-induced hydrogen production 357

too g• OO

so50

400Sso

Z' 300
40

C 200

2000

00

0 200 400 So0 goo 1Q00

Wavelength / nom
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Figure 3. Fluorescence (- ) and excitation spectra (----) of compounds
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Excitation of aqueous solutions, containing compound I or ;, phosph3te buffer
(pf1 - 7) and a sacrificial electron donor (EDTA, glucose or 2-propanol). with near
UV light (A > 280 nm) resulted in the formation of reduced relay molecules and the
oxidation of organic compounds. In contrast. Ru(bpy),,* was successfully used as
photosensitizer only in combination with EDTA as sacrificial electron donor.

In the presence of a platinum catalyst hydrogen could be detected in the gas phase
above the solution. The quantum yield was calculated for absorbed light to be:
0 1 ;2•I, - 2-, for compound I. However compound 2 was not able to produce H2
under these conditions.

Using waste water containing 100ppm 4-chlorophenol as sacrificial electron donor
agent for photoinduced H2-formation with compound I or 2 did not succeed, although
thermodynamically allowed,

'1...
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A high excess of the electron-donating substance is necessary to obtain sufficiently
fast reaction rates. In case of glucose and 2-propanol the initial sacrificial donor
concentration was five times the concentration of I and 2, respectively.

4. Conclusion

Both compounds I and 2 were found to be able to undergo reversible redox processes.
The first reduction potentials were determined by cyclic voltammetry E, = - 051
and - 1-15 V (at pH = 7, vs. NHE) for I and 2, respectively. Fluorescence measurements
of aqueous solutions showed that both compounds gave blue luminescence emission
with its maxima at 372nm (I) and at 370nm (2), when excited by near UV-light
(., = -, 340 nm). With 0-0 transition energies (from the emission properties) of 3,33
(1) and 3,35 eV (2), redox potentials of the excited states were calculated: E*"t! = 2.82 V
and E*23 = 2.20 V (pH = 7, vs. NHE). These values are much more positive than the
redox potentials of Ru(bpy)l* (0,8 V excited or 1-27 V ground state vs. NHE, respecti-
vely). Hydrogen production experiments showed that organic compounds in excess
can act as sacrificial electron donors with I or 2 (as relay-sensitizers).
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What's new in stereophotolithography?

J C ANDRE*, S CORBEL and J Y JEZEQUEL
GdR "Optical Instrumentation" CNRS. ENSIC.INPL, BP451-F54001 Nancy Cedex.
France

Abstract. Laser stereophotolithography is a technology which allows the space.resolved
phototransformation of a product. In this paper we describe the different basic processes
with their limits. We present several ways to override these limits and discuss new application
areas.

Keywords. StereophotolithoSraphy: space-resolved phototransformation,

1. Introduction

First generation stereophotolithography (SPL) deals with the manufacture of three-
dimensional objects. They ere made by space-resolved laser-induced polymerization.
As a matter of fact, one uses a layer-by-layer process (photolithography) which allows
the manufacture of objects (stereo). This scientific field, which is widely open to
industrial application (design, prototyping, scale models etc.), is still restricted by the
quality of the materials: volume shrinkage, warping, hardness, mechanical properties
etc. All this defines a wide research area in connection with the making of new photo-
convertible materials by the association of monomers, the addition of fillers and new
photochemical initiators.

It is, for example, possible to override the limits of this technology, induced by
volume variations, by modifying the manufacture process to take them into account
beforehand. Also, since we aimed at manufacturing pieces fit for use, we developed
a "second generation" technique that we describe in this paper.

In other respects, several different domains of application exist and every one of
them needs specific materials as well as specific processes. They can be the manufacture
of optical pieces, microtechnological objects, scale models etc. This proves that the
market for stereophotolithography must expand and find application areas in specific
domains. Out of this description, the use of new principles in photochemical initiation
allows the possibility of 3D information systems.

In this paper, we shall recall the bases of the "first generation" stereophotolithography,
show its limits and consider solutions to reach better results. These improvements
will come from the materials and/or the processes.

For correspondence
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2. Recalls on the laser stereophotolithography

We have developed, along with others, a process which makes three-dimensional
objects by polymerizing a liquid monomer using a laser energy source (Andre et al
1990). The laser beam can be focused precisely on a liquid so that a liquid/solid
photochemical transformation can be achieved. The advantages over the traditional
techniques are that a mould is no longer necessary, the shape of the object can be
totally arbitrary and wear of the tool is not needed.

Here, we show how three-dimensional objects can be created by using computer-
aided design. In the current stage, this new technique, which has led to very promising
results, is limited by the choice of materials, and the traditional CAD has to be thus
adapted, After discussing briefly the manufacture of objects by computer-aided laser
polymerization, the coupling between the adapted CAD and the choice of materials
is shown. The applic'ations of this new technique are not all known yet; however,
future progress will depend on the ability of specialists in the fields of materials
engineering, photochemistry and computer-aided design to work together,

2.1 Brief review of photopolymerization methods

If a sufficient number of photons is absorbed pe volume unit, unstable species are
created and the liquid monomer polymerizes into a solid which is not soluble in the
liquid monomer.

A + hv -+.unstable species,

unstable species + M -. nonsoluble polymers.

The above simplified mechanism shows that two main difficulties have to be surmounted:
the local light abs(,rption and the choice of materials. If these two main difficulties
are only partially mastered, a modification of the computer-aided design becomes
necessary.

2.1a Light absorption: Two ex•itation techniques have been propored so far: multi-
photonic absorption and monophotonic absorption. For now, the second seems more
efficient for industrial applications.

The theoretical basis is the Beer Lambert law. A light beam is incident on z, the
concentration C, is such that the light absorption during dt produces a polymerization
of the monomer between z and z + Az. If the beam radius is Ar, the polymerized
voxel volume is nAr2 AZ.

Successive layers of thickness, Az, are made. This is shown qualitatively in figure I
Starting from the base which contains a layer of thickness Az, the laser beam is
displaced in the xy plane in order to solidify the z = 0 plane. Afterwards, a new layer
of monomer is added and the process is repeated. An object can be made with just
one laser. The laser beam is guided into the reactor containing the monomer. The
guide must be very loosely attached to the created voxel otherwise deformation or
rupture is possible. Several techniques enabling this exist. In all monophotonic
processes, the object coordinates stored in the computer are given in the iorm z - f(x, y).

2.1b Materials: Unless some special mechanical property of'the object is desired,
the liquid monomers should have the following characteristics: rapid reaction rate
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Figure I. Principle of the layer-by-layer space-resolved polymerization.

and lowest possible viscosity in order to reduce the time needed per layer and to
limit hydrodynamic side effects caused by the guide displacement. Monomers M
having such properties are mainly in the epoxy or acrylate groups. Photochemists
know well how to initiate and control the reactions using these species. When a
monomer is polymerized. a volume variation is observed due to the photoreaction.
This has various consequences, A polymerized voxel, which is not'sustained and
whose density is higher than that of the liquid, will tend to sink to the bottom unless
held by surface tension forces. The manufactured object may thus acquire dimensions
other than the ones specified. Furthermore, the object can deform.

In order to remedy these difficulties, materials which do not shrink and which
have the properties mentioned earlier have to be searched for (t:/ § 3). These materials
exist but their viscosity is often too high. Another solution is to adapt the computer-
aided design in order to limit memory effects induced by the polymerization.

The principle consists in polymerizing voxels that are separated one from the other.
The volume variation of each element occurs independently and then the interstices
separating the voxels arc polymerized. Since the laser has to be continuously displaced,
a galvanometric mirror controlled by a computer should be used.

2.2 Basis of' a laser CAD machine

2.2a The machine: The monophotonic process described earlier is split into several
sub-systems which are:

"* the computer system which includes the computer which receives the CAD data
from another system. The computer system adaptes the data to define the optimum
laser beam displacement;

"* the photochemical reactor;
"• the laser:
"• a motor-driven optical mechanical unit with several degrees of freedom which

shapes the light heLm and then deflects it into the monomer to be polymerized,
* a motor-driven system which moves the object along the z axis.

2.2b CAD software: In our case, the objects to be made are solids, either filled or
hollow. Furthermore, great care must be taken in their manufacture since they are
intended to be duplicated. A model is the more realistic that it accounts for the
greater number of constraints of the object,
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The system configuration must be able to use CAD software which is commercially
available. The interface must be conceived and should:

* verify that the object can be made;
* choose the best manufacturing order,
"* decompose the object into voxels;
"* predict and impede object deformation;
"* command the whole process.

We have previously shown that it is not acceptable to create voxels that are independent
of the partially created object.

As indicated before, the object can be manufactured at , by laser-induced poly-
merization on the whole or part of the surface. The polymerization time is proportional
to h3 for an object of size h and proportional to h2 if only the surface is polymerized.
It may be advantageous to polymerize the surface of the object only plus several
etements inside it to increase its rigidity.

After taking the object out of the reactor, it contains liquid monomer. It can be
used as such or a more complete polymerization can be obtained in an annex system.
One must take into account that in this latter case, the object can deform due to
shrinkage. The definition of the points where the object must be reinforced could
be interesting. All these technical difficulties can be solved by adapting existing CAD
software or by carefully choosing the materials used.

2.2c Optical mechanics: Carboxylic components are the most well-known and the
most efficient photochemical reaction initiators. Their absorption spectra are centr,-d

Figure 2. Object manufactured by laser stereophotolithography.
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at 350 nm. A laser which emits in this spectral zone is usable (Hc/Cd. Ar÷ etc.). Other
compounds to initiate the reaction are available in the visible and the infrared regions.

When using z-axis displacement to guide the light beam, it is preferable to use
stages moved by a computer-controlled step-by-step motor. For a system using the
superposition of layers on the partially realized object, and in order to reduce manu-
facture time, it is advised to use displacement systems with very small inertia, for
example, computer-controlled galvanometric mirrors.

This technique allows the manufacture of objects having a satisfying shape and
quality (cf figure 2). Nevertheless, as already said, it is necessary to improve the
process to make it completely satisfactory. The following paragraphs describe several
ways to improve this process.

3. Improvement of first generation processes

It is clear that we must first improve the qualities of the materials. We arranged them
in the following decreasing order of importance:

"* volumic shrinkage;
"* viscosity;
"* mechanical and thermal properties;
"* resins with fast reaction kinetics.

Since so far it has been impossible t, obtain no volume variation between the
monomer and the polymer when thb'. monomer is viscous, we had to present the
following modifications.

3.1 Improvement of the resins used In stereophotolithography (SPL)

It is necessary to use a resin whose shrinkage is as small as possible to avoid volume
deformations and shear stresses in the objects manufactured by SPL.

Experiments prove that when we use oligomers instead of monomers, the shrinkage
decreases. But since at the same time the viscosity of the liquid increases appreciably,
this limits the interest of the process beyond some value (several Pa.s typically).

Table l. Principal resins used in SPL commercially available in Europe.

Viscosity Elongation 1%', secant
(Pm..) before break modulus Shrinkage

Resin Density (at T "C) Appearance ((M) PMPal0 (%)

XB 5081 1.14 1-8-3"6 (30) Transparent 2-3 2300..3300 32
XB 5134 1,12 1,6-2 (30) Slightly 10 800-1100

opaque
Somos 1,13 .5 (25) Amber 15 O00-900 6.2

3100 transparent
Somos 1'16 53 (25) Milky white 12 30-40

2100 opaque
Diacryl I.12 1.0-1,4 (25) Transparent 1,2 6.2

103

*Characteristics measured with products post-cured by fluorescent or UV light

S.. .. . . . . .. . . . . . . . . .. . . . . . . .. . . . .. . . . . . . . . . . . ... . .. . . . .. .. .. . . . . . . . . . . . . . . .. . . .
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FIgure.4. Influence of the viscosity and of the shrinkage on the bend coefficient c.

In table I are presented the characteristics of several resins commonly available
commercially and used in Europe. They have small shrinkage ratios (between 5 and
6% usually).

Beside this shrinkage problem, it would be interesting to correlate the type of the
resin with the global deformation of a test piece such as the one presented in figure 3.
These deformations occur after polymerization by SPL.

To compare various resins, we measure the thickness e1, 10mm away from the
base of the piece (cf figure 3). We define the bend coefficient c (in %) as the ratio:

c - (e,/eo)' 100.

where e. is the expected thickness of the piece. The closer c is to 100, the more precise
is the piece.

By changing the composition of the reactive medium (a mixture of several acrylic
oligomers to have fast reaction kinetics), we have not managed as yet to reach
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Figure 5. Specific gravity of the epoxy/PSS system before (0) and after (0) polymeri ati on
versus the PSS ratio.

shrinkage ratios smaller than 5" (ýf figure '). By a trial-and-error method, we made
a resin (EOS-SPM) (Andre et al 1991), composed of aliphatic methane with carbonate
acrylic which has not only these volume properties, but also reasonable mechanical
characteristics.

Taking these results into account, a natural way to modify the characteristics of
the reactive medium is to add charges in it. They limit the proportion of reactive
medium per volume unit and then should induce smaller shrinkages. We experimentally
found that the shrinkage decreases linearly with the charge ratio when the charge is
not porous. This means that it can never be equal to zero. On the contrary, we
experimentally proved that it was possible to obtain the same density for the monomer
and the polymer (cf figure 5) when we used porous charges.

This method of research is very attractive as long as the resin viscosity does not
exceed several pascals and as long as the sedimentation of the charge can be neglected.
This implies the use of charges whose sizes are very small (Karrer et al 1992).

This short summary of the materials side of the process show that it is possible
to improve the geometrical characteristics of an object manufactured by SPL by
using proper compositions of the reactive medium. Nevertheless, it is still necessary
to carry on investigations in this area, and this is why it remains one of our research
fields of interest.

3.2 Improvement of the process

To improve the process, investigations can be developed in two dirctions: the
improvement of the process itself and the improvement of the polymerization ratio
to avoid a post-phototrans;ormation.

Layerwise photopolymerization generally uses the principle of a polymerization
by voxels which are independenk from the others: in a given layer, the liquid-to-solid
phototransformation is carried out on voxels which are individually affected by the
shrinkage effect. Then, a second pass of actinic light allows the voxels to be scaled
together so as to generate the final profile of the object. In doing so, the overall
deformation is the result of reduced volume shrinkages corresponding to the association
of the solid voxels with the others (f figure 6).
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Figure6. Principle of a space and time.resolved irradiation reducing the volume shrinkage.

A second improvement can come from research on materials having a high photo-
polymerization ratio, to avoid postpolymerizations in particular, which are very often
the cause of global deformations. This postpolymerization is necessary when:

* the progress of the reaction is such that one is beyond the gel point. The mechanical
properties of the object are satisfactory but complete polymerization is not yet
achieved.

a only a part of the object being manufactured iý pbotopolymerized in order to reduce
the time of manufacture.

In table 2 we collected the conversion ratios of several commercialized acrylic
resins that we measured.

Table 2. Experimental conversion ratio measurements for several commercialized
resins.

Average conversion Energy density
Resins ratios Ch) (mJ. cm -)

Mixture of 98 818
50'%, ebecryl 7100

501"., ('1993
C1993 76 818
Fbecryl 120X) 84 818
Mixture of 90 20

50%', eher:ryl 3703
50o%, (1993

Mixture of 92 20
0'%, ebecryl 3703

StY', ebecryl 7100
Ebecryl 140 46 94,6
Eos SPM 91 88
Ebecryl 7100 96 16
Diacryl 103 47 16

_____ _
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3.3 Conclusions

We have qualita" ly shown here the need to modify both the process and the photo-
transformable ma. "ials to improve the "first generation" stereophotolithography.
Other principles can be considered to manufacture prototype pieces and the actually
existing technology must still be improved to fill the market which could be its own.

4. Second generation stereophotolithography

The choice of naming this technology "second generation SPL" only deals with the
fact that the object is self-sustained during its manufacture. It means that the nature
and the reactivity of the materials are not taL.n into account in this definition. But
in the following descriptions, it will on the contrary be natural to make a distinction
between physical processes and chemical processes.

4.1 Physical processes

The basic principle of this process is the use of the powder of a material which can
either melt or sinter. This material can be a polymer, a ceramic powder, metal powders
etc. The choice of the material is much wider in that case because the imposed
conditions are the following:

* the material must absorb light:
* the light energy must be high enough to melt or to sinter the powder;
* the adhesiveness between the particles of powder must be strong enough to obtain

a solid object.

The principle of h -m works is shown in figure 7.

4.1a Principle of* tne nia, .,act'. .; a layer: Let us assume that the piece has been
manufactured up F,'.gh, r make the mobile sustaining plate go down at a

F, dPr Stf'l e
MIrror L Ight

tiv

e4 F4---ero level
7 Object being manufactured

Compression system -Compac powder

Mobile sustaining olate--

M-Mobile Z axis

Fiure 7. Schematic hlock diagram of a %econd generation SPL prcesx using powder
maiteial,.
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distance e' from the zero level, slightly larger than the desired thickness e. In a second
step, we slide the powder storage mobile tank over the sustaining plate. This translation
of the storage tank fulfils two purposes: bringing in material and scraping the open
surface of the reactor.

To bring the particles of powder closer together, we can move up the plate by a
height of(e'- e) and compact the material to a maximum by the compression system.
This more compact material leads to smaller shrinkages. The choice of the powder
is very important for obtaining the smallest possible deformations. For example, the
use of particles of different sizes could be a way to again increase the compactness.

In a third step - now that the new layer, e thick, is ready - we can induce the
phototransfornation of the material by melting or sintering the powder. The expected
space resolution depends on several parameters:

* the power of the laser;
* the resolution of the beam at the surface of the layer (one must in particular pay

attention to the problems of reflection and of diffusion of the light which can be
harmful to the eyes. The users of such apparatus must carefully read the safety
notices about laser sources);

* the local distribution of the particles;
e the volumic and surface heat transfer coefficients;
* the thermal evolution of the material, from a pulverized state to a continuous state

when melting occurs;

among others,
However, this technology in principle presents important advantages because the

manufacture of an object made of different materials is highly simplified (ef figure 8).
When the manufacture of the part is achieved the part lies inside a compact matrix.

The binding material is removed by a proper solvent - which can be water - and the
powder that has not been irradiated is easily taken away.

We define the object inside the matrix as a 3D latent image and the removal of
the non-irradiated powder as the development of this 3D image.

F 'pnL . Piece manufactured by the space-resolved laser sintering of alumina powder.
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Commana Galvanometric

HeightSystem to r oto
Preoare the Laser control
film-

/ __1translator

.'ýFIim to be ooiymerlzed

Figure 9. Second generation SPL apparatus using composite materials.

Figure 10. Object manufbttured by a second generation SPL process.

4.2 Chemical processes

In the "bidimcnsional" lithography used in offset or in electronics, one uses photo-
sensitive resins which are rendered insoluble by irradiation whereas the unradiated
iesin remains soluble in some solvent. This technique can schematically be compared
to the photoreticulittion of a part of the material, and we can apply the technique
described in figure 7 to manufacture 3D objects: since the irradiated resin becomes
insoluble, one only has to plunge the matrix into an appropriate solvent to develop
the object.

Another method to manufacture objects by a second generation SPL process is to
use a reinforced material made of wire netting embedded in a resin (with a possible
added charge to try to minimise shrinkage), The principle of this process is depicted
in figure 9, and figure 10 is a photograph of an elementary object manufactured by
this technique.
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When the object is achieved, the un-irradiated resin is removed by a solvent, as
usual, and we get an object which is completely associated to the wire netting. The
netting external to the object is destroyed by chemical treatment such as its dissolution
by an acid or a base.

5. Other processes - technological application fields

This paper would become much too long if we described all the fields where a space
resolved light absorption could be used to manufacture 3D objects. We shall never-
theless mention several attempts which have already been partly investigated.

5.1 Information storage and third generation SPL

The basic principle is the multiphonic absorption of light, either sequentially or
simultaneously. Even if this process has not yet found any application in laser
computer-aided design and manufacturing after the interesting research of the
Battelle Institute, it should be possible to use it - as it is already the case with the
photoablation processes (Andre 1991) to store information in 2D or even 3D.

5.2 Optical-component manufatwure

One can focus a laser beam on a monomer to photopolymerize it and to manufacture
optical components that way: for example microlenses, lenses or optical fibres (Brulle
1992). As an example, figure I1 depicts a process to manufacture optical fibres by
space-resolved photopolymerization.

Monoer wOitMixture of monomerMonomer without and photoinitlatorphotoinidtatao

Laminar flow of the mixture of
monomer and photoinitiator

centered inside the laminar flow of
monomer without photoinitiator

w•V =hv 4- Photopolymenation

Optical fiber made
of polymer

Figure 11. Manpifacture of polymer optcal fibres by the photopolymerization of a laminar
flow of monomer.
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5.3 SPL and microtechniques

A new market which needs the manufacture of micro-objects is coming up: micro-
motors, active microsystems, microresonators etc. Studies on photonic systems able
to manufacture active microobjects by SPL is of great interest because it opens up
the possibility of making them automatically, via collective processes. These studies
are far from completion but several technologies, based on the ones we described in
this paper or on others (Meermann 1992), have already provided very encouraging
results.

5.4 2D photography

The idea of combining the transformation of a material with its colouring, at least
on the surface of the object, should allow the manufacture of 3D photographs. Since
these studies are still under progress, we cannot describe them as yet.

6. Conclusions

Laser stereophotolithography is a recent technology which has been commercialized.
It has not yet realised its entire potential, even if we do visualize some of them. If it
is true that this technology will not probably take the place of all computer-aided
tooling techniques, it is also true that all its applications are not yet known. To know
them, it is necessary to undertake pluridisciplinary studies getting together photo-
chemists, specialists in material sciences, automatics, informatics and possible users.
This is a difficult but very stimulating activity, and we expect to persist in doing it.
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Purification of drinking water by irradiation. A review
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Abstract. The present review deals with the possibilities of water purificatinn by UV-light.
solar energy in combination with catalysts (e.g. n-TiO 2). as well as by using ionizing radiation
(e.g. high energy electrons or y-rays). The various methods are illustrated by typical examples
concerning the degradation of aliphatic and aromatic halogenated pollutants in water. Some
probable reaction mechanisms initiated by light or ionizing radiation are also given.

Keywords. Water purification; pollutants; degradation: photolysis: radiolysin.

1. Introduction

Water is the most important life factor for all living systems. As a consequence of
the rapid development of various indtstries, the application of fertilizer, pesticides
etc. in modern agriculture, the production and combustion of fossil fuels etc.. there
has been a strong overloading of water resources. On the other hand, the chlorination
of drinking water (containing humic substances) for the purpose of disinfection leads
to the formation of a number of toxic compounds (Rock 1974; Hutzinger et at 1982;
Getoff 1986a), Hence, a subsequent purification of the water, e.g. by filtration through
activated carbon, is necessary.

Careful investigations by various laboratories in the recent years proved that
biological resistant pollutants in water can be decomposed by UV-light, solar energy
in the presence of special catalysts, e.g. n-TiO 2 , and ionizing radiation. All these three
possibilities are later illustrated by examples and critically discussed. Based on the
present state-of-the-art a comparison between them is made with respect to their
technical application.

2. Photoinduced degradation of water pollutants

2.1 Using VUV- and U V-light

In the last decades, a number of papers have been published about the photoinduced
decomposition of water pollutants. Only some of them will be briefly mentioned in
the frame of this review, since further papers on nearly the same topics are also on
the programme,

Naturally, a direct photochemical degradation can be achieved only when the incident
light (vacuum-UV-quanta, A < 200nm or UV-light: A•> 200 nm) is absorbed by the

373
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Filmr 1. Absorption spectrum of water (Watanabe and Zelikoff 1953). Inget: Quantum
energy (eV/hv) and quantum yields (Q) of the primary products of water photolysis % ith
VL)V.Iight at 123-6. 147 and 184-9nm, (A) Dainton and Fowles 1965b; (B) GetofT 1968b;
(C) Sokolov and Stain 1066; (D) Getoff and Schenck 1968.

pollutant in question. As sources for VUV-light, low pressure Hg-lamps emitting
simultaneously A - 184-9 nm (10"%) and 253-7 nm (100%) are mostly used. For UV-light
the same lamps were equipped with a Vycor-filter for absorption of the 184.9 nm-line,
as well as medium pressure Hg-lamps, emitting several lines in the range of 250 to
578 nm.

2.1a Water photoolysis; Figure 1 shows the absorption spectrum of water as well
as the quantum yield (Q) of H, OH and e - of the primary products of water photolysis
for three V' V-lines. The light at 123-6 and 147 nm can be produced by electrodeless
special lamps (Getoff 1968a; Getoff and Schenck 1968). The VUJV-light at these two
wavelengths is at present of no practical interest, but is rather important with respect
to the ozone chemistry in the upper atmosphere.

As can be seen from figure 1, the VUV-line at 184-9 nm is absorbed by water and
hence it can be Oiotolytically decomposed:

H 20 .H 2 0- H +O0H,()

2 H2 0 - H2 0 + H 2 0**, (super-excited molecules), (2)

H 2 O*-'H2 O+ +e~q, (3)
H20+ + H2 0-+OH + H+q (4)

The free radicals so produced, OH. H and e- (solvatcd electrons). can initiate theaq
decomposition reactions of water pollutants. In the presence of air, both H and e-
are converted into peroxy-radicals. 4

H + o,-.H6 2, (Ic5 - 1-9 x IO0"dm'mol-'s`)', (5)
e~q+02 .-. Q,- (k, - 2 x 10' 0dml moP-Is 15). (6)

H6 2;;=±H ++ 0-2, (pK - 4-8) (Getoff and Prucha 1983, and
references therein). (7)

'If not otherwise specifIed the constants used (kc) are taken from Buxton et al (1938).
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The HO2 species are in general more reactive then the 02 - ones, The absorbed energy
per quantum at 184,9 nm is: E = 6.7 cV/hv, which was taken as basis for calculation
ofthe "photochemical" G-valuesi of: Gph(H. OH) - 4,92 and G h(eJ,) . 0.45 at pH 7.

In the following the photoinduced decomposition of dchloroinethane and tetrachloro-
ethylene in aqueous solution as representatives of halogenated aliphatic pollutants
are briefly discussed.

2.1b Dichloromethant: This compound is studied in the presence of air in neutral
aqueous solutions as a model for the halogenated, simple aliphatic compounds (ietoff
1991, and references therein). Its major absorption lies in the V1J V-rangC (Scc figure 2).
Hence, using VUV-light of 184-9 nm. both processes - dircct electronic excitation of
the substrate as well as photolysis of water -- take place simultaneously. The yield of
the photoinduced Cl-cleavage is determined as a function of the absorbed light energy
and is taken as an indicator of the decomposition process. This dependence is shown
in figure 2. It is obvious that upto a VUV-dose of about 3-9 x 10' t 'hv-ml ' the
formation of Cl ions is linear with absorbed energy and later on tends to a saturation
value.

In addition to the photolysis of water (reactions (I) to (4)), a direct excitation of
CH 2CI2 by the 184-9nm VUV-light also takes place:

C1-12CI2 - -CH 20l 2 - CHCI 2 4. H, 811)
- H(11 (1 + CI, (8h)

C' 4- H20-.OH 4- H' +CI . (9)

The H-atoms are scavenged by 0 2 , according to reaction (5), resulting in 1.10, radicals
which are converted into 0'- species (see reactions (5) to (7)). Both transients, ('I I(1.
and NH2C0 react with oxygen and the resulting peroxy-radicals subsequently leI.d

a ~A B
3 ii~~ ., *'/ .(r

Cr!

00P,

(hvml r110-10 201 220 2'0w nr

Figure 2. (Al Photoinduccd CI-clcavatg from aqueous air-saturated 2 x 10 'rnol dn"
CH4•(C1 using •.. 4-9 inm. (B) Absorption spectrum of I0 'mol'dm C CH2,'l in water
(pH ,- 7).

'G-value - number of formed or decomposed molecules per IOOeV absorbed energy. For .onvcrs.on to
SI-units multiply the G-Value hy 0-.10W4 to obtain G(x) In pmol- ' . Initial G-value (G,) - yield before
the degradation of final product occurs.
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to degradation of the pollutant (Getoff 1991):

CHCI2 + O2 -.6 2CHCI 2 --*OH + OCC12, (10)

C'HCl + O 2-.- 2 CH 2CI-+OH +CO + H+ + Cl-. (1I)

Phosgene (OCCI,) is formed as an intermediate, but it is not stable in aqueous
solution and hydrolyzes (Asmus et al 1985; Getoff 1989b):

OCC12 + H2 0-CO 2 + 2H * + 2C1-. (12)

It has been shown (Packer et at 1980; Alfassi et at 1987) that by increasing the number
of halogen atoms in the molecule also, the reactivity of the peroxy radical is enhanced.
Therefore, it is expected that the O2 CHCI 2 species are stronger in reacting with
organic compounds than 6 2 CH 2C1:

62 CHC12 + CHCI2 -. tHCI2 +CO 2 + 2H- + 2CI-. (13)

The OH radicals from the water photolysis at 184.9 nm (reactions (1) and (4)) as well
as those from reactions (9) to (11) can also react with CH 2CI2, whereas the H atoms
resulting from reactions (1) as well as e- from reaction (3) are converted into 0'
species (reactions (5) to (7)). Hence,

CH 2 C12 + OH CHCI 2 + H 20, (14a)

L.CH2 CI + CIOH, (14b)

k14=0'9 x IOdm'mol -1s

The two species, C-I12 and c-'H2CI, are involved in the above reactions (10) and
(11) followed by reactions (12) and (13). Finally, the peroxy radicals, 0'- and/or HO 2
as well as H-2 0 also contribute to the decomposition process of the substrate, e.g.:

02 /H62 + CHl C12 --- HO/H O2 + tHCI2 , (15)

H 2 1) + CHCI2 --*OH + CHCI2 + H 20. (16)

OH and NHCI2 radicals are consumed as discussed above. Based on the yield of
Cl - ions the quantum yield, (Q). as well as the "photochemical" G-value of the Cl-
ions were calculated and are given in figure 2 as an insert. The very high degradation
yield obtained is due to the chain reactions initiated by the OH radicals which are
generated in reactions (9) to (II) and then converted into CHCl 2 and N2HCI transients,
(I 4a) and (14b). The propagation reactions are (10), (11), (13), (14a) as well as (14b).

2. 1c Terrachloroerhylene: This pollutant has been chosen as representative of the
halogenated ethylenes. Its absorption spectrum with ),, = 203 nm is shown in figure 3,
B. Obviously the 253.7 nm line makes a rather small contribution to the photoinduced

decomposition process. Using 2 x IO-'mol-dm-'Cl2 C=CC12 and a low pressure
Hg-Lamp (184.9 and 253.7 nm) it has been calculated that about 90% of the VUV-light
is absorbed by the water. Hence, the primary products of the water photolysis initiate
the degradation process. The rest of the absorbed energy is consumed by the substrate,
leading to its decomposition (Getoff 1991).
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Fliuore 3. (Al Photoinduced ('~l-clviigc of 2 tO I0 mIdm - etruizhlc'rocthylenc in thei
presence of air Lit 3()'C( (pH-I 6.4). (B) Abs~orption spectrum of I(0 "
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Thc formation of thc CI ions from tetrachloroethylene as a function of the absorbed
VUV-dose (184,9 nm) is presented in figure 3A. In this ease also, chain reactions asre
operative, similar to thc above described for the CH2 CI2-system, leading to a very
high Q. and G~h-yields (see figure 3). As decomposition products, itn addition to ('1
ions, small amounts of aldehydes, formic and oxalic acids were detected, However,
thesc substances are also dccomposed at higher VUV-doses,

It should be mentioned that (he photoinduccd degradation of various halogenated
substances e.g. of trihalomethanes is investigated hy various authors le~g. Nicole •, ,ol
1991. and references therein).

2.2 P/hntoinduce,, .ihrnml 0 in o~f U',, £J*5 prinnotor ./rr poI:cmltat dcrrado lthi?

The solvated electrons (e.-) represent the basic form of the reducing primary species
of water photolysis. In acid solution they can he transformed into H--aionm and vice-
versa in alkaline media:

e,, + H,,, -. H, (k1•.=2.3x 10'"dm-•mol 's '). (17)

H+±OH1 , -,, 1k ,2. x lO'dm-•mol 1is 1. 118)

Both, H and e,,, are strong reducing transients and in the prescence of air they are
converted into peroxy radicals, (5) to (7). Each of their forms (H . ;,,HO 2 , 0'2 ) can
initiate the degradation of pollutants. The e., can originate by pliotoexcitation of

4.

certain inorganic or organic substances in aqueous solution. Hence. for completeness
their photoinduced formation is mentioned very briefly,

2,2a Fornma Ion Of e,-q from inlorgjanic ions~: Some photoexcited inorganic ions can
lead to the formation of & ., It has been found for the first time that Fe2' can be
oxidized by illumination to Fe" + by ejection of e - (Getoff et a? 1960', Getoff 1962).
The same observation has been made for halide ions (e.g. Jortner et al 1962) and for

0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table I. Quantum yield (Q)of photoinduced e., formation From some inorganic and organic
compounds in aqueous solution.

Energy
Substrate )...Jnm] [OVAV.] Q(e;,) References

OH - 184.9 6.7 01
Br- 184.9 6.7 0.34 Dainton and Fowles (1965a)
('I 184.9 6.7 0.43
SO 184.9 6.7 0"71)

I:FC 253.7 4.9 0.07 Airey and Dainton (1966)
IelCN)ý 253-7 49 066)

FetCN) 214 it) 228 5,79 to 54 0•9 Shirom and Stein 119711
292 to 314 4.2 to 3"9 0.0038 Solar and (ctolT (I 9791

(',,0-OH 253-7 4,9 0.03 \ Zehner et at (1976)
('1 H OH 228.8 5.4 006)
(',HO 253.8 4-9 0.17 Grabner ef al (1977)
CHHO 228.8 5'4 0"27 Getolff (1989a)
(C.IjhNHj 276-7 45 006
C.HNil, 253.7 4.9 0.27 Kohler et al (1977)
(C.HN11, 228"8 5'4 028 )
C6 H.NH, 21.39 5"8 0"34 Gctolf (1989)

C, HOP02 
- 253.7 4'9 0.028 (Cetoff and Solar (1974)

(CHlOPO•'" 213,9 5'8 0.23 Kiihlcr and Geloff(1978)

other inorganic ions (Mathcson et at 1963; Dainton and Fowles 1965b), e.g.;

Fe 2 4 -- '(Fe' + Fe' + e ,-, (19)

-44 , s q 24,

C,- . (Cl-)* -Cl + e -5  (20)
aq 2L 9c',4 + dI-- cl -2. (21)

SO2 + _ (SO )*--SO'- +e' (22)
A4 4&,4 q 22

OH- - (OH l- OH+OH +. (23)

The quantum yields (Q) of the photoinduced e,', resulting from some inorganic ions
are given in table L.

2.2b Photoejection of e.4 from organic compounds: It has been established that
photoinduced electron ejection and formation of e - from certain electronically excited
organic substances in aqueous solution, having substitutents such as - OH, 0
-OCH3, -OPO3H2. -OPO 2 H, -COO-, -NH 2 , -NHCH 3 , -N(ICH-),
etc., can take place (Grossweiner et at 1963; Getoff 1989a, and references therein).

The ejection of electrons occurs from the singlet state (S, or S2), where the energy
input is much lower than the ionization potential of a given compound in its gas
phase. To explain this process, therefore, it is suggested that the dipole-dipole
interaction between the polarized excited substrate molecules and the surrounding
water molecules as well as the solvation energy of the resulting charged species
contribute energetically and enable e-" formation (Getoff 1989a).
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The formation of e, is also observed by illumination of dyes in aqueous solution,
e.g. methylene blue (Vonach and Getoff 1983), a number of flavins (Getofl et a/ 1978),
aromatic amines (Kohler et al 1977) etc.

The Q (e,,)-value strongly depends on several factors: excitation energy (see table 1),
the qructure of the substrate molecule as well as on the pH and temperature of the
solution (Getoff 1989a, and references therein). It has also been established that the
formation of e,- takes place at the expense of the fluorescence (Kohler and Getoff
1974, 1976: Zechner et at 1976, 1981; Grabner et al "1-7, 1980). This prnves that the
electron photoejection process occurs from the singlet state.

2.3 Photoinduced decomposition of phenol

Phenol is frequently observed as a pollutant in water. Its photoinduced degradation
has been investigated in the presence of oxygen and small amount:s of ozone (Getoff
1987). The reactivity of ozone with olefinic and aromatic compounds (without
irradiation) can be designated as an electrophilic addition to the double-bond of the
molecule (e.g. Bfihler et al 1984, Sehested et al 1984, Hoigne 1985, Getoff 1989b, 1992,
Gehringer et al 1992, and references therein).

As already mentioned above, the electronically excited aqueous phenol leads to
the formation of e- in addition to other processes (Gross'ciner e' ai 1963: Jortner
et al 1963; Grabner et al 1977, 1980; Getoff 1989b) e.g-:

C, H S OH -.. *C,, H 3 0H T photophysical processes. (24a)

e, + +HA' 4+ C, H, 6, (24b)

H. H+ C, H .. (214o:

The qi..tntum yields (Q) of the Primary products (e -, resulting from S, - and S,-states
are given in table I. As already mentioned, in the presence of air e,, is converted

% 0

1001 Cm

80,2 z15iOU dv4'rno~kryj'

60 1 o . , . • -. .
0110 220 A'. 20O 2 S0

40

210 Q(-PhOR 002

0 2 4 6 8X018 hvTt-'

Figure 4. Photoinduced degradation )of aqueous I0 'inolidm phenol in thu presence
of 1'25 x 10'- •mol~dm ' O and I.I x 10 -mol-dm- -0 (pH - 7.5) as u function (f the
absorbed UV-dose jA = 253.7 nm). Inset: abcorption spectrum of 10-'mol.dm - phenol.
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into peroxy radicals (see reactions (5) to (7)), which are subsequently involved in the
decomoposition process.

The photoinduced degradation of phenol using UV-iight (253.7 nm) in the presence
of oxygen and small concentrations of ozone in neutral solutions is shown in figure 4.
The achieved Q- and Gph-values. as well as the absorption spectrum of phenol are
given as inserts in figure 4.

The major reaction steps leading to the decomposition of phenol may start with
the formation of phenoxyl radicals (reactions (24b) and (24c)), which exist in several
resonance structures.

S--0=6 (25)
Each of them can result in different final products or add on oxygen as shown below.

0 0 0 OH OH

----2" (26)
(dimertiutiom)

42.2' - bphenol)

Naturally. the above-mentioned peroxy radicals can also attack phenol and initiate
its decomposition. In addition to this, each of the resonance structures can be scavenged
by O, as follows.

0 0 0

+ ° -- •1 "-" K COHc -° 0H (27)

In the presence of sufficient oxygen in the solution, the pathway (27) will proceed
pr'_-ferentially, however, the exact reaction mechanism of the photoinduced phenol
decomposition is not yet known. The yield and the kind of the products depend on
the applied IJV-dose, pH and the oxygen concentration. As final products of an
incomplete degradation of the substrate, the following compounds were observed
(Getoff 1997).

MM. Mucomak M& Fo12C

Sk"Y& add add add add

It might be mentioned that in addition to the OH, H and e- resulting in the
VUV-water photolysis, the triplet state of the pollutant as well asl'be singlet oxygen
('02) can be involved in the photochemical decomposition process in the presence
of air.
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3. Semiconductor-promoted pollutant degradation using solar energy

3.1 General remarks

Since the discovery by Fujishima and Honda (1971) of water splitting to H2 and 0,
using solar energy by means of an n-TiO 2-photoanode and metal cathode, separated
by a membrane, a new pathway for research in photochemistry and photoelectro-
chemistry was found (Getoff et a! 1977, Hantala et at 1979, etc.). The n-type semi-
conductors (e.g. TiO,, SrTiO 3 , GaAs etc.) have an excess of electrons (e- ) and, hence,
are used as photoanodes or as suspensions (e.g. lzumi et at 1980, Vonach and Getoff
1981) or colloids (Hsiao et al 1983, Ahmed and Ollis 1984, Ollis 1985, 1990, Matthews
1985, 1988, Okamoto et at 1985, AI-Ekabi and Serpone 1988. Grabner et at 1991 etc.)
for promoting the oxidation reaction. The p-type semiconductors (CdTc, GaP etc.)
possess positive holes (p') in excess and serve as photocathodes in photoelectro-
chemical cells or for instance in the form of small particles and act as reduction
photocatalysts (Bart 1979, Schiavello 1988, and references therein). Semiconductors
can be also coated on glass (Dislich 1984) or on other carrier materials.

The application of semiconductors for photocatalyzed oxidation of aqueous pollutants
is very recently discussed in an excellent review by Halmann (1992). Further. it might
be mentioned that many papers dealing with TiO 2 photocatalytic purification and
treatment of polluted water are presented at the 1st International ('onference in
London. Canada (AI-Ekabi et at 1992).

On illuminating a TiO, particle immersed in aqueous media with light of 315 to
450nm, band-bending takes place and electrons rise from the valence band (E,.i to
the conductivity band (E,) and, hence, a charge separation takes place (scc figure 51
Based on this fact, each individual particle represents a redox-system and can p1.omotc
reduction or oxidation processes depending on the experimental conditions. Each
semiconductor )as a characteristic band-gap (in eV; I eV = 23 kcal/mol), e.g. foir TiO,.
E, = 3eV. Knowing the wavelength (1. in nm) of the light, one can calculate the
energy per quantum: (E in eV/hv) and vice versa.

E = [ 1240/;.(nm)](eV;hv) 129)

The relative energy levels for some semiconductors are shown in figure 6. Silicon has
the lowest energy-gap (E ; I.I eVi but is not stable in aqucoVus solution

EU e
SI:. .altrn~c hand

I. handuh l dlt

-, • , iroh

( '. hv
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Figure S. Simplificd scheme or the en-rgzy •c el, of an illuminated n-type semiconductor
particle.
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3.3 Photocatalytic degradation of pollutants

For illustration of photocatalytic degradation, some major reactions taking place on
the TiO 2 surface in slightly acidic solution, are presented.

TiO 2 -TiO 2 + e . (29)

On the illuminated side ofTiO 2 particles (figure 7) a number of reactions can take place:

TiO+ + H2O-- TiO2 + 0H.,, + -1 (30)

2OH --+ H-202 , (31)

OH + HMO2 - H2 0 + H6 2 . (32)

In the presence of a pollutant, e.g. 4-Cl-phenol, similar reactions can take place as
studied by pulse radiolysis (Getoff and Solar 1988) as below.

+ OHR& OR (adacts on (33a)
om.p and Ipms-

Cl ~~ci •i•
0*

0 4 H20 (33b)

2 3On Products (34a)

C1+ on(34b)

I1 C1

In competition with these processes, 0 can be scavenged as below resulting in
peroxy-radicais.

e . O-H +H2 e02+H + R• (3 5)OR H,--, .+,,--,÷
a 000 C1C

As a consequence of furthr OH attack and addition of oxygen, the resulting dialdchyde
(35) can be decomposed LO CO 2 and H2 0 (see also reactions (25) to (27)).

Another pathway for CIC6 HOH degradation is the formation of a ralical cation
on the surface of TiO 2 particles as indicated in figure 7 which can react k-rther.

+ ffO ---- o-aH+ + O + 0"

a ci Cl (36)
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On the shadow side of the TiO 2-particles (sec figure 7) in slightly acid media some
reactions can be initiated by the electrons in the presence of oxygen:

e- + H+ H•Hd,* (37)
H~d, + 02 HO 2 ads' (38)

and from (7)

H6 2 -.--! H* + 0"2-(pK =- 4,8).

The HO 2 and O0- species can attack the water pollutants in the same way as the
OH radicals followed by 02 addition (see reaction (35)).

As mentioned above, a number of papers have been published in recent years in
the field of pollutant degradation assisted by semiconductors. Figure 8 shows some
data concerning the oxidation rates of some pollutants in water (Mathews 1988).
TiC 2 (Degussa. P25 grade) was coated on the inside of a 7-m long 65-turn spiral of
borosilicate glass (06 mm, 40 ml solution was circulated through the spiral) illuminated
with a 20-W lamp.

It has been also found that the TiO 2-assisted photodecomposition of 4-Cl-phenol
is temperature-dependent (Hofstadler et al 1992). By studying the kinetics of the
laser-induced phenol oxidation, it was observed that the CI"2- species essentially
contribute to the process (Grabner et al 1991; Li et al 1991). Further, it should be
mentioned that TiO 2 particles or colloids can also mediate the transformation of CO
(Park et al 1988) as well as CO2 (Halmann 1978) into simple organic substances; In
the absence of oxygen in the solution, the polymerisation of polhltants can also take
place on the semiconductor surface.

With respect to photocatalytic water purification, there are still a number of problems
to be solved. Although sunlight is free of cost and is readily available in many parts
of the world, its intensity is rather low and it has to be collected and concentrated
by appropriate means for the purpose of water purification on a techn'cal scale.

rngA

CC

"Ig

D ;0 ýO 0 8,0
Subsisle mgrOm 3

Figure 8. CO2 rates observed by TiO2 oxidation of various substrates as a function of
their initial concentrations: (A) 4-Cl-phenol. (B) phenol, (C) acetic acid, and (Di 2-propanol
(after Matthews 1988).
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Further problems which have to be overcome are:

to increase the low quantum yield of photocatalytic pollutant degradation.
to improve the corrosion resistance and to reduce inhibition by poisoning of the
semiconductor,

- the solvation of peculiar features of semiconductor coating on various support
materials,

- lowering of the costs for semiconductor regeneration, water pumping etc.

Therefore, further investigations in this area are needed.

4. Pollutant decomposition by ionizing radiation

4.1 General remarks

In the last two decades, a relatively large number of papers have been published
concerning radiolytic degradation of harmful stbstances in water. Hence, only some
characteristic data for comparison with the above discussed photochemical methoas
will be presented. Gamma-rays as well as high-energy electrons can be used for
production of reactive transients from water which can initiate the desired decom-
position processes. Preference is given to high-energy electrons for several reasons:
no manipulation with radioactive isotopes (e.g. 6")Co) or their disposal required, easy
regulation of the output power and simple handling in case of repair work as well
etc. The modern electron accelerators (EA-machines) provide electrons with variable

CtLrve MeV
D .A I(I) A

MR 3
{" 6
D I

RX).
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Figure 9. Depth.dose (1) %) distribution in water at different electron energies.
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energy (e.g. from 0-5 to 2-8 MeV) and a rather high output power (80 to 100kW) with
a conversion factor (n - electron po'wer/electricity power) of about 80%. EA-machines
delivering electrons with energies of 4-5-5 (output power >400kW) or 10MeV
(25-- 50kW) can be also used for water purification. The electron penetration in water
depends on their energy. Figure 9 shows the depth dose distribution (D in "/() in
water for different electron energies (in MeV). The depth dose of the applied electrons
and the output power (kW) of the EA-machine are determining factors for the quantity
of purifiea water,

4.2 Water radiolysis

As a consequence of the interaction between the ionizing radiation and water, several
transients and molecular products are formed. Their yields (6-values) and major

Table 2. Radiolysis of water and somn primary reactions.

irimary reactions:

HO- -14.H20* -- H -4-0OH
H.-LH:O" +eH

Gros.s reucetn of water r (dial',I. Ithe G-rlues* :it piI 7 (Ire ghien in bra'kets:
H20-,q ..- H. OH. H2  O H20,.H-.OH'

12-7)10.6)(2.8)1t045) (0-7) (3.2) (05)

Major pronaly Nt'40eu.s:

H + H-.tt2 Ik I x 0'dri'mol a s-')

H + OUH- H 20 (k = 2"5 x 10dr'mol -s. )

I + -a,- -H, + 0.±H. - = 2 x t0 "dnil 3 mol -is- |
Oil +OH- H20; (k =6x I0dm3mul '%"')

OH +-c ,0H. - = 2"5 x 10"'Jtji'mol 's

t -' -H,+÷20HI (kl 1 x IO'dmn'mol 'sl)

-4- H- H (k 2"3 K l0'ddin mol 's-')

H -- (Ol' -, (k 2-5 x I('dm'nmol ci '

OH=H.', +0 tPI( 119)
H 2 0: -- H + HO0, (pK - II65)

Scavengjer re'actin.s:

N 10+± -- OH+OH -N, ckkO/Itv ),dm'nio-'s 'I

0, + eq -O0 (k =2 10'"di'nol 's "i
02 + H-14H6 ,/ = 19 xIO'dm.mnIl '1 'I

l46,mH* +0, (PK -4 8)
t-C4H,OH s-OH H1()4 .(.'4 HUH (k = 5 5x 10Jd'mol 's -)

G-value= number ofchanged molecules per 100e' 0160 , 10- ' 7 J) absorbed energy.
For conversion in SI-units multiply the G-value by 0.10364 to obtain G(x) in
' molJ "

Absorbed dose units:
I rad - 100erg/g H20. lOrad I 1 Mrad - 1UkGy;

10rad - I Gray (I Gy)= I J/kg H2O; IOGy =I MGy - I kWM/g HO;
103rad- •OGy =6.24 x 10 'V/gHzO.
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primary reactions are summarized in table 2. The common units for absorbed
radiation dose are also given for convenience.

As shown above, in the presence of air (0,25 x 10- 3 mol-dm- 02 at 20'C) both
e., and H atoms are converted into peroxy radicals which, together with the 0"
species, attack the available pollutants and initiate their degradation.

4.3 Decomposition of chlorinated hydrocarbons

Chlorinated hydrocarbons have been studied extensively by various research groups
(e.g. Balkas et al 1970, 1971, Koster and Asmus 1971, Neumann-Spallart and Getoff
1979, Pikaev and Shubin 1984, Gehringer et at 1985, 1986, 1988, 1990, 1992, Getoff
and Lutz 1985, Mdnig et at 1985, Getoff 1986, 1989-1991, Proksch et al 1988, Draper
et at 1989, etc.), Some data concerning radiation-induced degradation of several
chlorinated aliphatic and olefinic hydrocarbons are presented in table 3 (Getoff 1989b),
These pollutants frequency appear in drinking water. Obviously, their complete
decomposition is achieved at a relatively low dose. In aerated water containing olefins
or aromatic pollutants, the presence of ozone strongly enhances the degradation prtx.b
(Masschelein 1982. Rice and Netzer 1984, Gehringer et at 1992, Getoff 1992 etc.).

The following major reaction can explain the ozone effect:

0
CllJ-C!:CI + 0o -- Ci.c-Cl.('I ---- C*,3c / ,\lic (391)

/II I0 11011-1

CI2C CI117 + 1120 .. Cl(" ('11(C1 -- 1-101 + Cliff.t. 4 (1)c()/ I/ I
0-() o--0 (39b)

Table 3. Radiation induced decomposition of some chlorinated hydro,.arhons in iarated
water'. Applied dose: 1-9kGy.

Pollutants in wittvr/l- dni

Simple Treat-
No. menrt Cti'ClC CHOi, CCI, ClIC -CH, C: C'HCI C'13C ('( lC

I( -- 32 0.7 -

* - nd -- ndr

2 --- 25 02
I nd

I U 48 107 I-[
I nd 0"8 nd

4 U 23 23 II 0-2 --

I nd nd 0.I nd ....
5 U -- 2.5 02 4.5 361 0.2

I -- nd nd nd nd nd

t U-unirradiated; l.irradiated; t the OC-analysis was performed by Dr U Bauer. Traceable limit:

< 0.I ug'dm" -
Abbreviations: nd = non-detectable: C13C-CH3 1. I, 1.I-trichloroethane; CH 2 Cl1 - dichloromethane;
Cl1C=CHCl = Irichloroethylene; CHCI3 = chloroform; CI2 C=CCI2 - tetrachloroethylene; CW. - carbon.
tetrachloride.
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CIHCO + H20 -. HCOOH + C1" + H* (40)

OCC12 + H20 - CO ,  + 2CI" + 2H' (41)

These reactions can also occur without irradiation. They take place in the case of
aromatic pollutants likewise.

4.4 Decomposition of aronatic substances

Steady state as well as pulse radiolysis studies of various aromatic pollutants in water
have been published (e.g. Schuler et al 1976, Getoff and Solar 1986, 1988, Draper
et al 1989, Getoff 1990b, 1992, Nickelsen et al 1992 etc.). For comparison with the
above discussed photochemical methods, radiation-induced phenol decomposition is
discussed in brief. As shown in figure 10, at a dose of about 1.2 kGy in the presence
of oxygen the initial phenol is practically decomposed. However, due to competition
reactions certain amounts of pyrocatechol, hydroquinone and hydroxyhydroquinone
are formed. The initial G-values (G,) are given as an insert in figure 10 (Getoff 1986b),
At higher doses these compounds and the resulting aldehydes and acids are
decomposed to CO2 and HIO. The major reactions taking place in this case are
given below, (42) to (50) In addition to these, reactions (25) to (27) are also involved.

C xH0H + OH- C5 ) + 1 t. -70%) (42)

2 C.HOH0HX) H20 + C5HSO1 + ( " 0) (431

100 G3, (-PhOH) 31 1
(0) G, (PyCa) 0.9

G, (HQ) 0.6

08
a3 b c

Figure 10, Decomposition of 10 4mol-dm- 3 phenol (A) in the presence or 1.25 x 10- 'mol.

dmi- 3 01. as well as formation of pyrocatechol (a), hydroquinone (b) and hydroxyhydro.
quinone (c) as a function of the absorbed dose at pH 7; dose rate: 3kGy/h. Insert: Initial
G-values (G,) of phenol decomposition and of the major products.
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OH + 02 ii + HO; (44)

(pyromath.ol)

tO+ Ho;a (45)

(MumcuDdeiyde)

oH + 02 - - + HO (46)

R OR H OH OH
(bydroquio-m)

+OH H 02 HOH 10
. _. 0 ___oH

5H (47)
OH OR OH OH

(hyd•lohyibd
qutuom)

Oi tO; -OlH COOU. H . + On (48)
Scoon COOH COOH

OH OH OH OH

fOH OH OR 4OHHH61 ' OOH o02 CCOON+16
OH C

Based on the above data, it is now calculated that for a 50 decomposition of
10-'mol.dm-1 phenol by UV-light (.=254nm, E=4.85eV/hv), an energy of
1,56 kGy is needed. Using y-rays or electrons in order to achieve the same decomposition
degree, an energy of 0-2 kOy is necessary. Obviously, the ionizing radiation is much
more efficient than the UV-light in this case.

Finally, it should be mentioned that by means of pulse radiolysis of pollutant
transients, their absorption spectra and the kinetics of their formation and decay, in
addition to their chemical analysis, we can essentially elucidate their reaction
mechanisms,

5. Conclusion

An attempt has been made to investigate the photochemical, photocatalytic and
radiation-induced decomposition of pollutants in water. Special attention has been
made to explain the primary processes initiating their degradation. On the other
hand, a relationship is also established between the above-mentioned three pathways.
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Although a great deal of research work has been done concerning the degradation
of water pollutants, further experiments are needed on a pilot scale in order to gain
technical experience for construction of industrial plants for water purification.
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Heterogeneous and homogeneous photoassisted wastewater treatment
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Wien, Austria
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Abstract. Photochemical degradation of 4-chlorophenol (4-CP) as a model wastewater
contaminant with three methods: UV/TiO2, UV/H-202 and UVfTiOaIH3Oa (;.> 3I0nm)
has been investigated and compared to the dark Fenton reaction and to direct photolysis.
A UIV-irradlated combination of TiO3 and Hg0 2 was round to be the most effective de-
gradation method for TOC (total organic carbon). 4.CP was degraded most rapidly by
the dark Fenton reaction. In the heterogeneous process on illuminated TiOa without RIO ,,
only small amounts of by-products were formed during irradiation in contrast to homogeneous
processes where HI02 was involved. During UV/H 202 and Fenton experiments. coloured
by-products appeared during irradiation and degradation rates of 4-CP and TOC showed
strong differences between homogeneous and heterogeneous processes.

Keywords. Wastewater treatment. photooxidation; hydroxyl radicals; titanium dioxide;
Fenton reaction,

1. Introduction

Chemical oxidation of organic contaminants in wastewater is an effective method to
remove pollutants without further environmental problems. In contrast to other
wastewater treatment methods, e~g. adsorption on activated granular carbon or air
stripping, the contaminants are cotiverted to harmless materials such as carbon
dioxide and inorganic salts. Various processes suggested for oxidation of organic
compounds are UV-photolysis in the presence of H1 0 2 [(I)] or ozone, photolysis
on IJV-irradiated TiO !!, (3) + (4), and on the system Fe' /H10 2 (Fenton reaction,
(2) The active species in all photochemical processes is the hydroxyl radical (Haag
and Yao 1992), a strong oxidant with an oxidation potential of 2-8 V. It is generated,
e.g., by the following reactions (Carey 1990):

(a) homogeneous

H 2 0 2 + hy-+ 2OH'(A <400 nm) (I)
or

Fe"~ + H 2 0 2 --+Fe" +0OH- +0OH'. (2)

(b) heterogeneous

TiO2 + hv -.#e- + p+ ).<4O0nm), (3)

p* +OH-.OH'. (4)

For correspondence

391



394 G Ruppert, K Hofstadler, R Bauer and G Heisler

In this work, the degradation of4-chlorophenol (4-CP, 1.01 x 10 1 mol/l = 72.9 ppm
TOC) and of TOC (total organic carbon) by photochemical methods with UV/H 2 02,
UV/TiO 2, and UV/TiO 2 /H 2 02, has been studied. The results were compared to the
dark Fenton reaction, and to photolysis without additives.

Chlorophenols are widely used in the manufacture of herbicides and fungicides.
Their traces were found in ground water but also in drinking water (caused by the
disinfection of phenolic waters with chlorine). Because of their low biodegradability,
chemical methods for the removal of chlorophenols have been developed. Degradation
of chlorophenols (with low substrate concentrations) using UV-photolysis (Yasuhara
et al 1977), UV-illuminated TiO 2 (Matthews 1987), UV-photolysis with
H2 02-addition (Moza et al 1988) and Fenton's reagent (Barbeni et al 1987) was
reported elsewhere.

2. Experimental details

4-Chlorophenol (4-CP, reagent grade, Merck), Tie 2 (Degussa P25), H202 (30%, p.a.,
Riedel de-Ha'en) and FeS 4 .71420 (p~a., Merck) were used without further purification.

All experiments were performed at an initial pH of 5"8 in a three-necked-21 flask
equipped with a plane glass window (Duran, irradiated area 3300 mm 2 ) and thermost-
atted at 25" C. The initial concentration of 4-CP was 1i01 x 10- 3 mol/I ( = 72.9 ppm
TOC). A 400 W high pressure Hg-lamp (Osram Ultramed) with quartz optics and
water filter was used as light source. The solution (2000ml) was stirred and purged
with pure oxygen during the reaction. Concentration of TiO 2 -suspension was 2g/l,
molar excess of H20 2 was 10:1 or 50:1 in comparison to 4-CP, concentration of
Fe"4 in the Fenton experiment 2.5 x 10-'mol/l. 4-CP was analysed by HPLC
(column: Spherisorb S5 ODS 50jum, eluent: methanol:H20 = 40:60 Vol%, flow:
I mI/min), TOC was monitored with a TOC analyser (Shimadzu). H202 was determined
by a modified iodometric method (Greenberg et al 1985).

3. Results and discussion

The difference between heterogeneous and homogeneous reaction mechanisms can
be explained by comparing degradation of 4-CP and TOC (figures I & 2). Degradation
curves of 4-CP and TOC in the UV/TiO 2 and UV/Ti0 2/H202 experiments show a
similiar course, in contrast to homogeneous reactions, where the 4-CP concentration
decreases more rapidly than TOC-concentration. During the dark Fenton reaction,
4-CP disappears rapidly within a few minutes but TOC removal is only 42% after
24 hours. With photolysis in the presence of a 10:1 excess of H2.02, 4-CP is completely
degraded after 24 hours with a TOC reduction of only 51%. A very high excess of
H 202 reduces the degradation rates of both 4-CP and TOC because of recombination
of the hydroxyl radicals (Carey 1990).

In case of UV/TiO,, the pollutant has to be adsorbed before reaction. This explains
the low degradation rate of 4-CP. In solution, there are more free substrate molecules
and more OH-radicals for reaction, therefore 4-CP concentration in homogeneous
processes decreases very rapidly. Hydroxyl radicals are able to attack the molecules
without steric restrictions in contrast to the 4-CP molecule adsorbed on the
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TiO 2-surface. In thi, case, a mol,!cule has to be d&graded nearly completely to CO,

and to delorb before a new molecule can take its pl:,ce. Therefore, the amount of

by-products formed du' ing the heterogeneous process is small compared to Fenton's

reagent or UV/HO2 Among the described wastewater treatment methods, the

system UVT0 2iO/H,0, comoining homogeneous and heterogeneous reactions. was

found to be the best d..gradation method for TOC. TOC degradation was about 80",,

after z4 hours.
In all proccases degradation of H2 O (figure 3) follows the curves of TOC degradation

(figure 2). The most rapid decrease of H2 0 was observed witIh Fenton's reagent.
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Figure 3. Decicase of H 2O; during reaction.

After one hour, the reaction retards because of complete oxidation of Fe2 + to Fe 3 ,
(2). Fe3' can be re-reduced during excitation with visible light (A < 580 nm) (Ruppert
and Ba)tier 1993). The presence of TiO 2 in the UV/H 20 2 process accelerates the
degradation of H,ý02.

For industrial use, homogeneous processes like UV/H 2 0 2 (Hager 1990) and UV/
ozone (Kearney et al 1984) are preferred to heterogeneous processes because of higher

degradation rates and no separation problems with the catalyst. In recent years,
reactors with immobilized TiO 2 have been developed to avoid this problem (AI-Ekabi
and Serpone 1988; Hofstadler 1992; Hofstadler et al 1992).

Ihdeed, photochemical oxidation is an effective way to destroy organic water

pollutants although the process has to be optimized and adapted to the contaminant
and its concentration.
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Kinetics of sunlight photodegradation of 2,3,4,7, 8-pentachlorodi-
benzofuran in natural water

KEN J FRIESEN* and MYROSIA M FOGA
Department of Chemistry, University of Winnipeg. Winnipeg, Manitoba, Canada R39 2E9

Abstract, The aquatic photodegradation of' the environmental contaminant 2,3.4.7.8.
pentachiorodihentofuran (P,CDlF) was studied under midsummer sunlight conditions at
50'N latitude both in distilled water-acetonitrile solutions and in lake water. The observed
net photodegradation late or PsCDF in natural water was 2404fold faster than the rate of
direct photolysis in distilled water-acetonitrile solutions. The difference in rates of photo.
degradation is attributed to the action of sensitizers present in natural waters.

Keywords. Aquatic: photodegradation; polychiorinaied dibenzolurans.: sunlight.

1. Introduction

Polychlorinated dibenzofurans (PCDFs) are persistent environmental contaminants
characterized by low water-solubilities (Friesen et al 1990b) and extreme hydro-
phobicity (Sijm et al 1990). 2,3,4,7,8-Pentachlorodibenzofuran is one of the most toxic
PCDF isomers. with a toxic equivalency factor (TEF) of 0-5 (Safe 1990) and a single
oral dose LD50 value of < 10 pg/kg body weight for the guinea pig (Kociba and Cabey
1985).

Although these pollutants tend to resist chemical and microbial degradation, there
is some evidence that they undergo aqueous photodegradation. The quantum yields
for the direct photolysis of PCDFs in water-acetonitrile mixtures at 313 nm vary
from 10 ` to 10 - for a series of PCDFs (Choudhry et at 1990; Foga 199 1). Recent
reports (Dung and O'Keefe. 1992) indicate that several tetrachiorinated PCDFs are
photolyzed in both distilled and natural waters under sunlight conditions, with
degradation rates in natural water roughly 2 times faster than in distilled water.

The objective of this study wes to determine the rate of sunlight photolysis of
2.3,4, 7.8-pentachlorodibenzofurt.n under environmcntal conditions, and in particular
to ascertain the importance of direct versus indirect photolysis.

2. Experimental

2.1 Chemicals
"14C,-dichloropheiiyl.2, 3,4,7,8-pentachiorodibeozofuran ('C-PCDF) with a specific
activity of I 25 x 10'0 Bq/mmol, was purchased from Wellington Laboratories (Guelph,

*For correspondence
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ON) and purified (to a radiopurity of 99.9%) by RP-HPLC with 85:15 CH-30H/H 20
as the mobile phase and redissolved in acetonitrile.

Liquid scintillation fluors, Scintiverse II and Atomlight, were purchased from
Fisher Scientific (Winnipeg, MB) and Biotechnical Systems (Boston, MA), respectively.

All solvents used in sample preparation or as HlPLC mobile phases were Burdick &
Jackson Brand (High Purity) from Baxter Diagnostics Corporation, Canlab, Winnipeg,
MB.

2.2 Instrumentation

Quantitative analysis of 14C-P5CDF was carried out with a Waters Associates H PLC
system equipped with a Model 6000A pump, a Rheodyne Model 7125 injector, and
a 25cm x 3.2mm pBondapak Cie column (Waters Scientific, Mississauga, ON),
Three-minute fractions of HPLC eluent were collected, mixed with 12 ml of Scintiverse
11, and analysed for carbon-14 on a Beckman LS 7500 Liquid Scintillation System.

2.3 Kinetics of sunlight photolysis

All glassware was thoroughly cleaned and sterilized at 180'C for 4-5 hours.
Direct aqueous photolysis was studied by preparing solutions of 1"C-2,3,4,7,8-

PCDF (1-1 ng/ml) in 10:25 (v/v) filter-sterilized CH3CN/HPLC water (Mill et al
1982) and exposing to sunlight in 50ml Pyrex centrifuge tubes. Indirect aqueous
photolysis was monitored undet similar conditions but in filter-sterilized lake water
obtained from Lake 375 of the Experimental Lakes Area (ELA) near Kenora, ON.
Dark controls, in which P3CDF solutions in lake water were wrapped with aluminium
foil to prevent sunlight photolysis, were used to check for biological and chemical
degradation. The tubes were placed in a rack near the surface of Lake 375 (ELA),
with sunlight exposures carried out over a 3-day period in June 1989.

All solutions were adjusted to pH 9 and extracted with four 5 ml portions of hexane.
The extracts were dried by passing through a Na 2SO 4 column and concentrated
prior to analysis. Concentrations of parent "C-PsCDF were determined by HPLC-
LSC using 85:15 ICH3OH/H2 0 as the mobile phase. The extracted aqueous phase
was tested for nonextractable 1'C by adding 12 ml of Atomlight to 4 ml of water and
counting by LSC. A standard "4C-PCDF was used to establish both the extraction
efficiency (105%) and the overall recovery of PjCDF at the analytical stage (90%).

3. Results and discussion

3.1 Direct photolysis

The absorption spectrum of P 5CDF shows a weak, tailing band above 290nm
(figure 1) producing the potential for direct photolytic degradation of this compound
under environmental conditions. However, the aqueous photolysis of P5CDF was
extremely slow in water-acetonitrile solutions (figure 2), with a pseudo-first-order
direct photolysis rate constant (k&g) of 0.015 ±0007d-' (t 1 2 - 46d). This rate
constant has been corrected for tube geometry (Dulin and Mill 1942) to provide a value
applicable to surface waters. Quantitative recoveries of P5CDF from the dark controls
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Flpre. . The absorption spectrum of a 1[2 x 0-3'M solution of 2,3,4,7,8-pentachlorodi-

benzofufan in 1:1 CHCN/HlO determined with a Hewlett-Packard 8452A diode array
spectrophotometer using a quartz cell with a I cm pathlenlth.

sampled over the entire exposure period indicated negligible losses due to biological
degradation. volatilization, and/or analytical procedures. Therefore, the observed
decreases are attributed to photolytic degradation of this congener under sunlight
conditions.

No "C-labelled intermediates could be detected by HPLC.LS(' analysis and no
detectable levels of nonextractable "C appeared throughout the entire experiment.
The results are consistent with recent reports which showed that polychlorinated
dibenzofurans (Dung and O'Keefe 1992) and polychlorinated dibenzo-p-dioxins
(Dulin et a! 1986; Friesen et al 1990a) undergo very slow direct aqueous photolysis
under environmental conditions.

3.2 Indirect sunlight photolysis

P5 CDF transformation in filter-sterilized lake water was much more rapid with
essentially complete degradation after 6 hours of sunlight exposure. Although degra-
dation rates are affected by solar flux and temperature changes, fitting the data to a
first-order model (figure 2) and correcting for tube geometry provided a net pseudo-
first-order photolytic degradation rate constant (k,,) of 3"6 ± 0"3 d` (t,12 = 0" 19d).
Dark controls showed no significant changes over the sampling period, hence biological
and chemical degradation was again negligible.

The dramatic increase in the rate of photolysis of P5CDF in lake water relative
to distilled water (240-fold) is attributed to the action of photosensitizers present in
natural waters. Indirect photolysis of organic contaminants in natural waters is known
to be sensitized by dissolved humic material (Zafiriou et al 1984; Mill 1989). The
dissolved organic carbon (DOC) content of the lake water used in this study (440MuM)
is believed to contribute to the rapid photolytic destruction of P5 CDF. Photooxidation
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Figure I. Midsummer sunlight photolysis of 2,3,4,7,8.pentachlorodibenzofuran in lake
water (0) and in distilled water-acetonitrile solutions (011) at S0WN latiLude.
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Figuire 3. Reconstructed chromatogram for the HPI.C-LSC analysis of the hexane extract
of a solution of 2.3,4.7.8-pentiih lorodibenzofu ran exposed to sunlight for 6h in filiter-
sterilized lake water. The major bands include unreacted parent P3CDF (t, - 45min) and
a suspected T, CDF (t, - 33 nin).

by singlet oxygen (Zafiriou et at 1984. Haag and Hnigne 1986), reaction with photo-
chemically generated peroxy and hydroxy radicals (Mill 1989), triplet energy transfers
(Zepp et at 1985), and electron transfers (Zartriou et a! '984) are possible routes of
photodegradation of chlorinated dibenzofurans in natural waters.

Only one apparent nonpolar '4C-labelled degradation product was isolated by
HPLC-LSC. This band (figure 3). with a chromiatographic retention time corresponding
to that of a tetrachlorinated dibeniofuran (T4,CDF) standardi (t, = 33 min), reached
a maximum concentration after 6 lioura of sunlfight. erpusure. However, chromatographic
resolution was not adequate to determine the identity of the product or to verify the
number of products formed. T he disappearance of the product on longer sunlight
exposures supported the formation of lower chlorinated dibenzofurans which would
then undergo further photolytic degradation. Significant amounts (421J of 11C were
non-extractable following 52 hours of exposure to s-nlight, suggesting formation of
polar degradation products. Previous studies have shown similar behaviour for
photolysis of several polychiorinated dibenzo-p-dioxinis in natura4 water (Friesen et ul
1990a),
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Although sunlight emits energy of 35-8-98-6kcal/mol in the 290-800 nm region
(Leifer 1988), sufficient to break typical Ar-O and C-Cl bonds (Lyman et al 1982).
2,3,4,7,8- pentachlo rodi benzofu ran was essentially nonreactive via direct aqueous
photolysis. The large enhancement in the rate of photolytic degradation of P5CDF
in natural water relative to distilled water at 50'N latitude in midsummer indicates
the important effect that naturally occurring components in lake water have on en-
vironmental photodegradation. Further work is underway to identify the degradation
products and to determine the role of various sensitizers in the photolytic reaction.
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Applied photochemistry in dental science

LARS-AKE LINDtN
Department of Dental Materials, Karolinska Institute, Royal Institute of Medicine, Box
4064. S-141 04 Huddinge, Stockholm, Sweden

Abstract. This paper presents a short review of the most important problems involved in
the photocuring of dental polymer materials, such as a choice of photoinitiating system
(mainly based on camphorquinone-amines), kinetics of polymer conversion, depth of curing,
shrinkage etc.. and also discusses problems with damage of photocured surfaces by chemical,
biological, and mechanical degradation.

Keywords. Dental materials; photocuring of polymeric materials; damage to photocured
surfaces; photoinitiating system.

During the last two decades, the production of polymers and plastics (composite
resins) for dental applications has increased rapidly. These materials are inexpensive,
easy to use, and have recently been applied to replace amalgams and other traditional
dental materials such as gold, cements, and ceramics, However, they must meet strict
demands such as physico-chemical (dimensional stability, strength, craze, and wear
resistance), chemical (resistance to hydrolytic and enzymatic degradation), and biological
(resistance to biodegradation by microorganisms), toxicological and a-lergiological
demands.

The most common group of dental polymers are polymethacrylates based on mono-,
di-, oligomonomers and oligomers. They are used in dentistry for processing denture
bases, crown and bridge prosthetics, artificial teeth, orthodontic appliances, and for
restorative dentistry (filling materials). For these applications, liquid monomer
(modified methyl methacrylates). prepolymerized poly(methyl methacrylates) and
cross-linking monomers based on di-, or trn-functional vinyl monomers (e.g
ethyleneglycol dimethacrylate or butenediol dimethacrylate) are polymerized by free
radical or ionic initiators. More than 100 commercially produced monomers have
been used by private companies to prepare dental composites. Some examples are
listed in table I.

Polymerization of dental composites in the oral cavity is restricted by biological
demands and should not exceed temperatures of 50"C. This condition eliminates almost
all thermally initiated free-radical polymerizations. The soft tissues in the oral cavity
are very sensitive to the strong acids formed in some ionic polymerization systems
that can be polymerized at room temperature. All of these problems can be overcome
by the use of photocuring.

Most common photoinitiators such as analogues of benzoin methyl ethers undergo
photofragmentation with the formation of frce radicals when exposed to UV irradiation
below 400nm. Use of this type of radiation is restricted in dental applications,
because of carcenogenic and photoallergic effectF, and the risk of tissue burning

405
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Table 1. Eai~mples of mon~omers used in photneured resins.
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Table 1. (Continued)
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Figure 1. Emission spectra from typical commercial lamps designed for intra-oral
photocuning.

(Birdsell et al 1977). The only light irradiation allowed for application in the oral
cavity is at wavelengths over 400nm (Cook 1982).

Most commercially produced irradiation-lamp devices operate with blue light at
a maximum ol 470 nm (figure 1). This causes a number of problems in finding a
photoinitiating system which is effective in this spectral region, that is, which absorbs6
blue light.

The most common photoinitiating system used in denta: applications consists
of camphorquinune (which is a diketone, table 2) and differerut amines (coinitiators)
such as N, N-3, 5-tetra-methylaniline, N, N-dimethylamino phonethyl alcohol, N, N.
dimethylaminoethyl methacrylate (table 3) (Sheela 1991, Cook 1992).

Camphorquinione has a maximum absorbtion at 468 nm (figure 2), and its e'cc.ied
triplet state reacts with amine to form an exciplex (excited state complex) The exciplex
is a short-lived species and it fragments into camphorquinone pinacol radical (A)
and amine radical (B) according to reactions I and 2 (scheme 1) (Dietliker 109 1).

Camphorquinone pinacol radical (A) is deactivated by hydrogen abstraction and/or
dimerization reaction and cannot initiate polymerization, whereas the amine radical
(B) is responsible for the initiation of polymerization.



408 Lbars-.At'Liiv

Table 2. Exa.mples of di-kclotws (phout.iat~dors) used in pholocured resins.
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HF Cit H H
II +b Cv /CH,

0+ R --N 0 + RN\

0~tR Cit3 +-oe

"Hf C"" 3 - ci2

I ( (2)

abh ndllc dn n blon

Scheme 1. Camphorquinone pinacol radical (A) is deactivated by hydrogen abstraction
and/or dimerisation reaction and cannot initiate polymerisation. whereas the amine radical
(B) is responsible for the initiation of polymerisalion.

Many other diketones (table 2) could be considered as photoinitiators. because of
their extended absorption in the region 400-500nm. Most of them, however, are
toxic and mutagenic and are not acceptable for application in dental photocuring.

Camphorquinone irradiated with light at 470nm does not give free radicals
which would initiate polymerization of monomers with unsaturated double bonds
(e.g. methacrylates and their analogues). The presence of coinitiators with tertiary
amine groups --NR2 (where R=CH 3. CH 2CH.) is a condition for the formation of
the reactive amino radical NCH 2 in reaction with excited triplet state (T) of
camphorquinone (reaction 1). The hybrid photoinitiator system camphorquinone-
amine e.g. N.N-dimethylaminoethyl methacrylate is very sensitive to light at 470 nm.
Changes of spectra of this hybrid photoinitiating system under light irradiation
are 5hown in figure 2.

The reactions (2) are responsible for the decreasing absorption spectra of cam-
phorquinone. One of the most effective bybrid systems is mixture of camphorquinone
with Michler's ketone (4,4'-bis(N,N-dimethylamino)bcnzophenone). The latest one
is itself a very active photoinitiator (Rabek 1987). However. it does not absorb light
in the visible range > 400 nm. Michlers ketone is, as are many other low molecular
amines such as N,N-dimethyl-p-toluidine. toxic and mutagenic, and therefore not
acceptable for application in intra-oral curing procedures. In spite of this very
important toxicological problem, many companies use N,N-dimethyl-p-toluidine as
a coinitiator.

In our laboratory we are working on hybrid photoinitiating systems, in which
coinitiators (amines) are polymerized into homopolyme-s, or copolymerize with
monotmeis used in composite restorative systems. Pol&ners with amine groups arc
almost non-toxic in comparison with low-molecular amines.

One such system is a hybrid formed from camphorquinone and N,N-dimethyl-
aminoethyl inethacrylate which after irradiation with light at 480nm initiates
polymerization of other methacrylic mono-. di- and tri-functional monomers, but
also causes polymerization of amine methacrylate itself (figure 3). The kinetics of
photopolymerization of NN-dimethylaminoethyl methacrylate in the presence of
camphorquinone is shown in figure 4.

This system has a rather long induction period and low conversion efficiency
(maximum 75%). The length of the inhibition period depends on the concentration
of the inhibitor e.g. p-hydroquinone (ca. 01%) and initial oxygen concentration. For
practical application of this photoinitiator hybrid system in dental composites, the
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Filgwe 3. FTIR spectra of (a) pure N.N.dimethylaminocthyl methacrylate and (b)
poly(N.N.dimtehylaminoethyl methacrylate) obtained after 10min light irradiation in the
presence of ca--phtrquinonc.
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Flgmt 4. Kinetics of photopolymerization ol 2-dimethylrnmnoethyl nielhactylate in the
presence of camphorqwunone. determined from decreasing absorption of C - C bond at
815cm IFTIRI-

presence of inhibitors is necessary to avoid prepolymerization. During the inhibition
period, oxygen is consumed by the amino-radicats that have been formed. However.
a very thin surface layer of monomer which is in contact with air remains unpolymerized.
The thickness of the unpolymerized layer is dependent on the concentration of
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camphorquinone. At a ratio I • 1Oof camphorquinonc to amine. cevn the upper ,urfa%,;
layer is polymerized. A higher intensity of light also decrease% the induction pe,.ri
because the rate of radical formation is much higher

Photocunng reactions occur. however, in much more complicated systems. depending
on the type of dental formulation. which ionist of diffcrent components

iil a mixture of monomers Imono-. di-. tn-functional oligomersL which difler in
Voi.so.itics. initiation reactis ties, propagation and termination rcac•ion.,

M)i photoinitialor isystemst with different elretenccks of photofragmcntation'; into
free radicals or hydrogen transfer reactions producing active free radicals I'- rec
radicals that are fornmd have differing reactivities with the monomers uwd in
the initiation step. and they also purticipmte in side reactions. €.g. dcactivation.
dimeroation. hydrogen abstraction. termiisation of polyvmeriiation propagatlIA,
reactions. reactions with oxygen. and polymcrization inhibitor%.

timt additives ,uch as prepolymerization inhibitor% (used for slorae statbibItl. light
stabilzetr laagain. colour change of polyieried %ample and to protect ,iga•l'l

ii. photimlegradatiot.L
o% i reinforcing phase Iricls) s-uch as ,,danicd quarti,. fusd h-orosii:aht iand

aluminomdicate glassc,. %ilicon nilride. calciu.n .ilicate. calcium phophat,.
aluminium oxide. ceramics, or hybrid fillrs, ic g prepolymcricd rmins %k tth fumed
or pyrogpnic siala. which constitute the dispersed phase (so) 1.,.. hn1it" the
appreach of light to the cured layers.

tMi coupling agents (as interface on the Miler particles• usually I-mcthacrty-4,, pro-
pyltrimethoysilanc

Dental phi and fissure walanti. bonding agcnts. or oiihtdonti. adhq:,,ies ha'. 'ida•ni

compositiont. except that they are unfilled (it htghti% filled materiaial l)clial
compo)sltes are u.Ad as two-componcnt formulation%, e V p .Wdc[ lquld. pasle p;titc
or as uniform paste.

Photoinitialed polymerization (pholocuringi must often proceed in the 'rai %:a% iti,
teg. in conservatisc dentistry when filling ,avilie in tethil within N•) 141 secondb lul
should never exceed one minute rhc main problem i% the limited depth of px,h-
mcrization rfagure 51 and imA ;.oncrsion efficiency Imiximurn ,' ifigure 61 1 th
low conversion efficin.ci cdn he the reult of different causes
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tlpe 7. Degree of polymerization (degree of conv ... n in %) as a function of sample
thickra IEmin and initiatr concentration (wt %) (C, ,nrie et at 1986).

(0) Low radical concentration, low radical i..atiation effectiveness, sample thickness
(figure 7) (Guthrie et al 1986). For example, increasing the initiator concentration
from I to 5% can decrease the amount of unrepcted monomer molecules from 22
to 8, (Decker and Mousa 1990).

fii) increase of viscosity during the prupaj.ation and on reaching gel point, which
restricts the mobility of propagating radicals.

(iii) termin,.tion reactions.

At low degrms or conversion (about 70%'A in most dental formulations), the final cured
product contains unreacted monorner in addition to low molecular products of
photolysis of photoinitiator and other organic additatives (inhibitors, stabilizrs). All
thee components are distributed in a polymer cross-linked three-dimensional matrix
network.
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A severe problem in the application of polymeric materials is the shrinkage of
polymerizing formulations, which should not exceed 02-2r%. Shrinkage, which is a
result of volwne change, causes a decrease in the dimensions of the final product, i.e.
(hicknfts of the sample layer. As a result of shrinkage, a gap is formed between the
wall of the cavity and the filling material. This gap is easily accessible to food debris
and microorpasms, which can cause secondary caries.

Mta shrnnkae that occurs durint. polymenzation anses from different causes.

to The major factor reates to the fact that monomers are located at Van der
Wash" distances from one another, while in the corresponding polymer the
Imono)mer units have moved to within a covalent radius which is approximately
1/3 Van der Wanls' radius. This causes the shrinkage that is roughly related to
the number of morocnmer) units per unit volume that is converted to polymer.

Wi) The chanig i, entropy and the relative free volumes of monomer and polymer.
Free volume is primarily determined by the packing efficiency of the macro-
molecule% Crystalline land to some extent semi-crystaliine) polymers are. for
example, more closely packed than the corresponding amorphous polymer_.

Thus crystalline monomers will ihrink less than noncrystalline (liquid) monomers.
In the case of methacrylate monomers it is impossible to avoid shrinkage (which
rnnes, up to 10%,)_

Only polymerization with expansion in volume can solve this problem (Cook
1980). In this type of polymerization, expansion in volume can be achieved
through a ring-opening process, wherein two bonds are cleaved for each new bond
formed giving a polymer with a volume shrinkage of 1.4--4.7% (Thompson et al 1979).
The free-radical ring-opening polymerization of a 2-methylene spiro orthocarbonate
monomer can be initiated by the hybrid photoinitlator system camphorquinone-44-
N,N-dimethylaminobenzoate) and occurs by the following mechanism (Stansbury
1992) (scheme 2).

The resulting expansion can be applied to counteract the polymerization shrinkage
associated with the conventional methacrylate monomers used in dental composites,
and thereby provide formulations with drastically reduced shrinkage (Thompson et al
1979).

Shrinkage causes not only volumetric and dimensional changes but also builds up
large stresses within the material. A variety of material deficiences has been attributed
to the volume contraction associated with the polymerization of dental resins in
composites for clinical applications. These deficiencies arise from the generation of
stresses which are of sufficient magnitude to cause defects within the resin matrix,
and debonding at the surface (Feilzer et al 1987, 1990, ZinMdan et at 1987). These
complications weaken performance and often restrict those situations for which
composites and other related dental resin materials can be considered.

Applications of photocured dental composites in the oral cavity bring several other
problems.

(i) In a photocured polymer formulation there can exist trapped radicals, which
have relativ ly long lifetimes at room temperature. The lifetime of free radicals
can exceed five months when certain dimethylacrylates (such as 1,6-hexanediol
diacrylate and bis(2-hydroxyethyl acrylate blsphenol-A dimethacrylate) are
polymerized (Klooserboer et al 1984). The presence of free radicals in a dental
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(ii) Unreacted monomer and other low-molecular (non-polymerized) (Ruyter and

Svendincn 197/8; Sgderholm 1983; Lindin et al 19Qit components gradually diffuse

out of the matrix because they are not compatible with the polymer matrix. They

are removed from the surface of filling material by wear or are dissolved and/or

triansported with saliva to the intestine, where these substances (e.g. poly(acrylic

acid)) (Cook 1982) can be absorbed and distributed in the body (Linden 1991).

Some of these substances can be toxic to pulp and surrounding mucous

membranes, and can also cause allergic reactions. It is well known that all

methacrylic monomers are toxic (much less than acrylic), whereas amines, together

with their high toxicity, are mutagenic and can also cause allergic reactions.

Little is known about the toxicity and allergenity of low molecular products of
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fragmentation of photoinitiators (not attached to polymer chains). On the other
hand, polymers, especially cross-linked ones, are non-toxic but their allergenic
and mutagenic effects are still not well known. It has been observed that many
patients and dental personnel show allergic reactions in connection with
restorative dentistry using polymeric materials.

(iii) Chemical and biodegradation of photocured dental composites in the oral cavity.
This mode of degradation is caused by rapid changes of pH in the oral cavity
(bases and acids present in food), oxidation processes in which oxygen is involved
(from air and dissolved in liquids and present in food), and fermentation processes
in which acid is produced. These hydrolytic and oxidative degradations cause
de-esterification processes, formation of OH/OOH groups, and chain scission and
cross-linking processes. Many polyacrylic materials are susceptible to biodegrada-
tion and enzymatic hydrolysis (Munksgaard and Freund 1979) caused by
microorganisms such as bacteria and fungi.

(iv) Photocured dental composites are also exposed to often rapid thermal changes
(from - 70 to + 70°C) in the oral cavity, Typical damage due to such forces is
the formation of microcracks, cavities, and a rough and corrugated surface. Saliva
and fluid fcodstuffs may also cause hydrodynamic damage to the surface and
participate in the removal of material (figure 8), Such damaged surfaces serve as
retentive areas for food debris, bacterial plaque, and discolorations. Finally,
polymeric materials become brittle and numerous surface microcracks render
them less resistant to mechanical wear, and surface layers are thus removed.

The lifetime for anterior polymeric restorative materials is about 8 years. but for
posterior (fillings attaining loads) it is often not longer than 2 -4 years (Qvist et al
1990), Most polymeric materials used as restoratives must be repaired and polished
during this time. Traditional restorative materials for posterior teeth are dental
amalgams with very long lifetimes (10--20 years). In the last decade, questions about
mercury release from fillings and a growing social concern about metal toxicity has
raised serious doubts about using amalgams. This has led to the necessity of replacing
amalgams by non-toxic materials, e.g. polymeric composite resins. In comparison
with dental amalgam fillings with lifetimes exceeding 10 years, polymeric materials
are. however, still inferior.

Another very important group of polymeric dental materials are polyionomer
cements based on poly(acrylic) or other polycarboxylic acid analogues and inorganic
glass materials (aluminosilicates) (Wilson and McLean 1988). Carboxylic groups
present in poly(acrylic acid) form, with aluminoeilicate glasses, very strong coordination
complexes which are bonded to various substrates such as dentin, enamel, and several
metallic materials.

Despite the many advantages of polyionomcrs used for dental applications (high
biocompatibility. good adhesion to enamel, dentin and metallic restorations), they
are easily hydrolysed by acids. In order to improve the hydrolytic degradation
properties of polyionomer cements, blends with difunctional monomers and/or its
copolymers with monomers having functional double bonds (remaining after
copolymerization) are used instead of pure poly(acrylic acid). These polyionomers
are further photocured in the presence of aluminoailicate gases. Such cross-linked
polymeric networks (figure 9) protect coordination bonds against acids that cause
their hydrolytic decomposition and improve their dimensional tensile strength.
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Figure 10. SUM micrograph 4~ human dentin with tubule tmicro-channett blocked h%
complex formed hetween rilyiarhosylic acid and FeCI, (Linden and Riahek 1991).

In this wav a three-dimensional cross-linked network is formed that consits of both
vosalent (from photocuiring) and ionic bonds. and is resistant against hydrolytic
degradation

In conclusion, there are no "ideal" polymeric dental materials yet available that
c:ould replace the unique projwrtie,. of the "old" amnalgam-filling materials. It i%
riecvssarv to search I or ncek mon omers with it high degree of conversion, which can
gtlse it polsmerc %% th 'er' lao% -;hrinkagc. and which could he resistant to all types of
degrudation pr~cessesc that occur in the oral cavity It is also important to synthesi/c
nluoro ntonomers. which during degradation processes could reicasc fluoride to
decrease the risk of seconclar caries

However. ssynthettiation of monomners and production of new material-i for dental
applications should he accompanied by careful testing of their ageing in an oral
environment and for release of %uhstances that may have toxicological and allergio-
logical implication% in their use Our institute is currently engaged in researching
these problems.
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Supramolecular photochemistry. Luminescent and redox active
dendritic polynuclear metal complexes
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Abstract. The synthetic strategies used to prepare di.. tri-. ietra., hexa.. hepta.. deca..
trideca- and docosanuclear Ru(lI) and/or 05(111) polypyridine-type complexes containing
the 2,3-dpp and/or 2,5-dpp bridging ligands and the bpy and/or biq terminal ligands are
described (dpp - bis(2-pyridyl)pyriszine: bpy -2.2'-bipyridine:; biq = 2,2'-biquinolinel. The
light absorption. luminescence, and redox properties of these polynuclear compounds can
be varied by changing ii) the nuclearity, (ii) the nature of metal ions, bridging ligands and/or
terminal ligands. and (iii) the position of ihe various components in the supramolecular
structure. Because of their strong absorption in the visible spectral region and the possibility
of predetermining the direction of energy migration, these compounds can be used as
photochemiical molecular devices (c.g., as antennas for harvesting solar energy). Because of
the presence of several interacting and/or noninteracting redox centres, they arc good
candidates to play the role of multiecectron-iransfer catalysts.

Ketywords. Phiotochemistry: photophysics; ýupcrrnolecules; imoleculair devices.

1. Introduction

Supramolecular chemistry has shown that molecular components can be assembled
to give species of nanometric dimensions (Lehn 1990, Balzani and Scandola 1991;
Schneider and Durt 1991, Vogtlc 1991: Whitesides et a! 1991: Anelli ef al 1992; Balzani
and DeCola 1992). Of particular interest are tree-like structures that incorporate in
their building blocks specific pieces of information, such as electronic excited states
and redox levels at accessible energy values. To pursue this aim, we have designed
a synthetic strategy to build up dendritic species based on luminescent and redox-
active transition metal complexes, where desired metals and ligands can be placed
in specific sites of the supramolecular structure. Species made of 2, 3, 4, 6, 7, 10, 13
and 22 metal-based units have already been prepared and larger species can tn
principle be obtained. This strategy opens the way to the synthesis of species of
tianometric dimension capable of harvesting visible light and exhibiting made-to-order
patterns for energy and electron migration,
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2. Building blocks and bridging ligands

In the last 20 years extensive investigations carried out on the photochemical and
electrochemical properties of transition metal compounds have shown that Ru(ill)
and Os(lI) complexes of aromatic diimines, e.g. Ru(bpy)2÷ and Os(bpy)l * (bpy - 2.
2-bipyridine). exhibit a unique combination of chemical stability, redox properties.
excited state reactivity, luminescence, and excited state lifetimes (Juris et a! 1988;
Balzani et at 1990; Kalyanasundaram 1991). Furthermore, their properties can be
tuned within rather broad ranges by changing ligands or ligand substituents. Several
hundreds of these complexes have been synthesized and characterized, and some of
them have been used as sensitizers for the interconversion of light and chemical
energy as well as for other purposes. Such complexes are ideal building blocks
(components) to obtain supramolecular species capable of exhibiting light-induced
functions.

In order to assemble such metal-containifig building blocks in a supramolecular
array, a variety of bridging ligands can be employed. We have concentrated our
efforts on the use of the 2.3- and 2.5-bis(2-pyridyl)pyrazine (2.3- and 2,5-dpp) bridging
ligands (BL} shown in flgure I.

Some important properties of the M(BL), -. (L). * compounds can be summarized
as follows (Braunstein et at 1984; Brewer et at 1986; Campagna et at 1989a; Denti
et at 1990a): (1) there are intense ligand-centred (LC) absorption bands in the UV
region and moderately intense (F,,a - I x 10 M -'cm ') metal-to-ligand charge
transfer (MLCT) bands in the visible region: (2) a relatively long-lived luminescence
(10--10-s time scale at room temperature) is present in the red spectral regionm
(3) reversible one-electron oxidation of the metal ion takes place in the potential
window + 0-8/+ 1.7 V (vs SCE): (4) reversible one-electron reduction of each !igand
takes place in the potential window - 0.6/ - HI V. Important differences relevant to
our discussion are as follows: (i) Os(ll) complexes are oxidized at potentials considerably
less positive than Ru(I[) complexes. (ii) the MLCT absorption and luminescence
bands lie at lower energies for the Os(ll) complexes than for the Ru(II) ones: (iii) the
energy of the LUMO of the (mono-coordinated) ligands decreases in the series
bpy > 2,3-dpp > 2.5-dpp > biq: as a consequence. the lowest (luminescent) 3MLCT
level involves the lowest ligand of the above series which is present in the complex.
(iv) the electron donor power decreases in the ligand series bpy > biq _> 2,3-dpp

S2,5-dpp.

Metal ion. M • 2+ 0 Os+ S

Bridging ligand, BL 1

2,3-dpp -Wr 2.5-dpp

Terminal ligand, L ' i
bpy I biq a

Fligwe I. Components of the polynuclear complexes and symbols used.
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3. Synthetic strategies

Mononuclear transition metal complexes are synthesized by combining metal ion
(M) and free ligands (L), as shown below:

M + nL -+ M(L),,. (1)

In the last few years we have been developing a procedure to synthesize oligonuclear
metal complexes of desired nuclearity and chemical structure (Campagna et al 1989b,
1991, 1992; Denti et al 1990-1993: Serroni et al 1991-1992). Such a procedure is
based on the use of complexes (building blocks) in the place of the metal (M) and/or
ligands (L) in the synthetic reaction (1). The place of M can be taken by mono- or
oligonuclear complexes that possess easily replaceable ligands, and the place of L
can be taken by mono- or oligonuclear complexes which contain free chelating sites
("complexes as metals" and "complexes as ligands" strategy).

Some of the building blocks used in our syntheses are sketched in scheme 1. The
synthetic routes followed to obtain complexes of nuclearity from 10 to 22 are illustrated
in table I. In each equation, the first reactant plays the role of a metal and the second
one plays the role of a ligand. A list of the complexes prepared in our laboratory is
also reported in the same table. More details on the synthetic procedures (and on
the characterization of the compounds) can be found in the original papers. The final
step to obtain the docosanuclear compound is shown in scheme 2.

Schematic views of the decanuclear and tridecanuclear complexes containing
2,3-dpp as a bridging ligand are shown in figures 2 and 3.

As shown in table I, the synthetic strategy used is versatile and selective, since the
sites occupied by different metals and ligands in the structure of th- polynuclear
compounds can be synthetically predetermined by the appropriate choice of the
building blocks. Recently we have also elaborated a strategy to grow oligonuclear
metal complexes in an arborol-like structure according to a divergent approach
(scheme 3) (Serroni et al 1992).

"complex metals" "complex ligands"

LI L>BL2  I 81
S1 81. M,

L " 'L BL 0 G L ' M L , L L OL,M,.L

I I

1 MCI, L L

BL

0BL L 1OL
L "ML

Lc L, aL ML, BL, BL BL, M,.IL BL, ,BL
M U U, U,

IL I I I I
L-/ 0 L 6 L 6 1L

\L

sdMM I.
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Table 1. Synthetic routes used for thc synthesis of deca-. trideca-. %nd docosanuclear
.omnplcxes. Originnil refercnceý; a. b etc are given in pp~renthese~.

Decanucleir compounds

M.((Mu-BL) Mb(L)2 5Cjl + M,(BL )l 3_ M, {((,i.L)M.E(M.-BL)Mh(L)71] 10.

LOA (a, b) M. -Mil- M, -Ru BL -2,3-dPP L -bpy

L0B (a) M. -M, -M, -Ru BL -2,3-dipp L - biq

I0OC (a) M. -M,,- Ru, M, -Os UL- 2,3-dpp L -bpy

IOD (a) M. -M, -Ru, M, -Os BL -2,3-dpp L -biq

MOE (a) M. -Ru. M, -M, - 0 BL -2,3-dpp L -bpy

LOF (a) M, -M, -Ru, Mi, -Os K. =2,3-dpr L= bry

Tridecanwe.lear compounds

M[(js-BL)M(Lhh1C]t? + M [(M.-BL)M(L)(BLfl', -3 -I(pBL)M(L)(p-BL)M [(p.BL)M(L),] 2 )"

13A (c) M=Ru BL -2,3-dpp L =bpy

Docosonudeoar compounds

M[(is-BL)M(L):JzCI4 + M[((pBL)M(BL)1)] ,L!. Mlhw-BL)M[(,u-BL)MI(p-BL)M(L); 2 J2 3~
22A (d) M - RU BL -2,3-dpp L =bpy

Referencft: (a) - Denti et at (1992a); (b) - Serroni et at (1991); (c) Campagna et at (1992). (d) - Serroni er at
(1992).
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Figlure 2. Schematic view or a decanuclcar complex.

4. General properties

The compounds described in this paper are well-characterized supramolecular species
made of a well-defined number of metal-containing components. They carry an overall
positive charge that is twice the number of the metal atoms. Neglecting the PF•
counter ions, the dIocosanuclear compound 22_.A (6 in scheme 2) in made of 1090
atoms, has a molecular weight of 10890 daltons, and an estimated size of about 5 nm.
Besides the 22 metal atoms, it contains 24 terminal bpy ligands and 21, 2, 3-dpp
bridging ligands (Serroni et al 1992). Differences arising from the possible presence
of isomeric species are not extpected to be sizeable in the electrochemical and spectroscopic
properties discus!sed below.

As one can understand from the schematic views shown in figures 2 and 3, species
with high nuclearity exhibit a three-dimensional branching structure of the type
shot. &1 by otherwise completely different compounids based on polyamidoamines or
other organic components (far some r'aceat papers see Shahlai and Hart 1990, Gopidas
et al 1991, Hawker ct al 1991, Newkome ,et al 1991 and Nagasaki et al 1992; see

1_N
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Fie3. Schematic view or a tridecanuclear complex.

Tomalia et aL 1990. for a comprehensive review). Therefore endo- and exoreceptor
properties can be expected, which will be the object of future investigations.

We would like to stress that our complexes differ from most of the organic-type
arborols or dendrimers prepared so tar owing to two fundamental reasons: (i) each
component exhibits valuable intrinsic properties such as absorption of visible (solar)
radiation, luminescence, and redox levels at accessible potentials; (ii) by a suitable
choice of the buildingl blocks, different comnponents can be placed in specific sites of
the supramolecular array, as one can understand from figure 4 where the syntheses
of 6 different decanuclear complexes, using different precursors, are schematized. In

1.N
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TAhLSpo 2. groscopic and clodirochemnbcal proiiertaes of selected polynuclea r compounds.'

Electro-
Absorption Emission chemistry

'ompo)unS mint EM 'cm 11 (m) (ns) V vs SCE

IOA R-j(tM.2.3-dpplRuj(tp.2.3-dppl 541 125000 309 55 + 1-46 [6]

106 RuIIM-2.3-dpp)Ru[(oM.2.3-dpp) 555 10900 7119 130 + 1-62 [6]
Rtu(biql 3 ], 1,0O

IOC Os{(py-2,3-dpp)Ru (,u-2,3-dpp) 550 117000 808 65 + 1.17 [11
Rutbpy)],I,)1 860 d 4 150[61

101, 0! {tM.-2,3-dpp)Ru[(p-2.3.dpp) 563 140500 900 d + MO [63

13A Ru{(ji.2.3-dpp1Ru(bpyt(,u-.,3-dpp) 5"4 133000 800 62 + 1-50 (9],

22A Ruj~tu-2.3-dpplRuL(ju-2.3-dpp) 542 202400 802 d + 1-52 L12]
Rui(M-.2,3.dpp)Ru(bpy12 bJ], 3'4

(u) Experiments in scetonit rile siol ution at room temperature. unless otherwise noted. Luminescence lifetimes
arm aerated values, unless otherwise stated. (b) Lowest energy 'MLCT band. (c) The numbers within
brackets indicate the number of electrons exchanged. (d) Not measured. (e) At 90K in MeOH/EtOH 4:1
tv/v) glassy matrix. (r) This wave exhibits; a large separation between cathodic and anodic peaksa(AE - 180 mV).
This suggests that there is a superposition of two closely spaced oxidation processesr the first one has
been attributed to one-electron oxidation of six independent redox sites, and the second one to one-
electron oxidation or three Independent redox sites.

other words, our arborols are species with a high "information" -:(ontent ard can
therefore bc exploited to perform valuable functions (vide' Infra).

The absorption, emission, and redox properties of some selected compounds arc
shown in table 2.

5. Absorption spectra

Since the interaction between the various metal-containing units is weak (v'ide tnfra)
the absorption spectra of the oligonuclear complexes are, as one can expect, a
combination of the absorption spectra of the single metal-containing components.
When many components are present, the absorption spectra 3how very intense bands
all over thc UV and visible spectral region. For example, the spectra of the decanuclear
compounds lOB and 10C (figure 5) (Dentl et at 1992a) show absorption bands with
a up to 600,59 OM -I mt in the UV region and up to 140,000OMt-Icm - in the
visible region. The bands with maxima at 262 and 380 nm can be assigned to ns-071
transitions of the biq ligainds, the band at 282 nza to ;t -i. it" transitions of the bpy
ligands, and the broad absorption in the 300-330nm region to 7t-na transitions of
the biq and 2,3.dpp ligands. The broad bands observed in the visible region receive
contributions from several types of metal-to-ligand charge-transfer (MLCT) transitions.
The energies of these transitions depend on the nature of the donor metal ion, the
acceptor ligand and the ancillary Uiganda.
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Flgre &. Abiorption spectra of the dee.*nucelar compounds 100 and IOC in a*cetonfrtilc
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6. Electrochemical properties

The mononuclear compounds of the M(BL), .(L)., series exhibit reversible redox-
processes. On reduction. each L ligand is reduced twice and cach BL ligand is reduced
four times in thc potential window --0-5 -- 3-1 V (Roffia wt al 1993). The reduction
potential of each ligand depends on its electronic properties and. to a smaller extent,
on the nature of the metal and of the other ligands coordinated to the metal. It
follows that on reduction of a polynuclear complex which contains several ligands

(eg.21 ligands are present in the decanuclear complexes), an extremely complicated
pattern with many ovcrlapping peaks is observed. On oxidation of mononuclear
complexes in the potential window < + 1-6V, only one peak is observed in the
differential pulse voltammograms. which concerns the metal ion. The oxidation
potential depends strongly on the nature of the metal ion (Os(ll) is oxidized at less
positive potentials compared to Ru(I1)) and, less dramatically, on the nature of the
coordinated ligands. Because of the electronic properties of the isolated components
(and of the stabilization of the LUMO of 2,3-dpp and 2.5-dpp on coordination to
a second metal centre). it can be expected that for the metal-containing building
blocks which are present in the synthesized polynuclear compounds the oxidation
potential of the metal (and the energy of the lowest (luminescent) excited state) increases
in the seris Ou(bpy)2(p-25-dpp)' * r Os(bpyj1(#-2,3-dpp)4 < Os(biciJ1(j*-2,5-dpp)2l +
Os(biq)2 (u-2. 3-dpp)2 < Os(j- 2 , S-dpp)1 + < Os(Mu- 2, 3-dpp)2 < Ru(bpy) 2 (,u-2, 5-
dpp)l ~Ru(bpy),Lu-Z3-dpp) 2 + < Ru(biqJ1(lu-2,5-dpp)21 + Ru(biq)2(Ju-2,3-dpp)2 +<
Ru(bpy)(u- 2,S-dpp)l + 4 Ru(bpy)(js-2,3-dpp)2 + < Ru(u-2.3-dpp)'+.

It can also be expected (and it is confirmed by the experimental data, table 2) that
in the polynuclear complexes the metal-metal interaction is nonk-negligible for metals
coordinated to the same bridging ligand, whereas it is very weak for metals that do
not share the same bridging ligand. Thus, equivalent units that are not directly
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connected are oxidized at the same potential. This allows us to control the number
of electrons lost at certain potentials by placing in the supramolecular species the
desired number of suitable, equivalent, and noninteracting units. For example, in
compound IOC (figure 4), the differential pulse voltammogram (figure 6) shows an
oxidation peak at + 1- 17 V, which is assigned to one-electron oxidation of the central
Os2* metal ion, and another peak at + I-SO V, which has the same bandwidth but
six times higher intensity, that can be assigned to the independent one-electron
oxidation of the six peripheral noninteracting Rul ions. Oxidation of the three
intermediate Ru2 ions is further shifted towards more positive potentials and cannot
be observed in the potential window examined. For I0E, oxidation involves first the
six peripheral OsQ ions (which contain the stronger electron donor bpy ligand in
their coordination sphere), and then the central one (figure 6).

In conclusion, the electrochemical data offer a fingerprint of the chemical and
topological structure of the oligonuclear compounds. Furthermore, made-to-order
synthetic control of the number of electrons exchanged at a certain potential can be
achieved.

1OE

PCc

PC

10 10AiQ

Pc

t4 0.8 1.2 1.6 V
Fi 6. Oxidation patterns (or some decanuclear complexes. Fc indicates the oxidation
peak of ferrocene, used as an internal standard.
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7. Luminescence

Light excitation in the visible absorption bands populates 'MLCT excited states in
the various components. Investigations carried out on Ru(bpy)l * with fast techniques
indicate that the originally populated 'MLCT excited states undergo relaxation to
the lowest energy 3MLCT level in the subpicowcond time scale (Carrol and Bruu 1987;
Bradley et at 1989; Yabe e, al 1989; Cooley et at 1990). If this behaviour, as it seems
likely, is of general validity for the various components of the polynuclear compounds,
the actual result of light excitation is the population with unitary efficiency of the
lowest energy 3MLCT level of the component where light absorption has taken place.
If each component were isolated, as it happens in mononuclear complexes, competition
between radiative (luminescence) and radiationless decay to the ground state would
account for the deactivation of the IMLCT level, with an overall rate constant,
measured from the lumine.cence decay, in the range 106-10's- 1. All the members
of the mononuclear M(BL), -. (L)2 + family, in fact, display a characteristic luminescence
both in rigid matrix at 77 K and in fluid solution at room temperature. When the
components are linked together in a supramolecular array, electronic energy can be
transferred from an excited component to an unexcited one even if the electronic
interaction is weak. In most of the polynuclear compounds examined, only a lumines-
cence band corresponding to the lowest energy 3MLCT level is observed (table 2),
indicating that energy transfer from upper-lying to lower-lying levels does occur (vide
infra).

S. Antenna effect

The natural photosynthetic systems show that for solar energy conversion purposes
supramolecular arrays are needed which absorb as much visible light as possible and
are capable of channelling the resulting excitation energy towards a specific site of
the array (antenna devices), The polynuclear metal complexes described in this paper
are excellent light absorbers in the entire visible region. Furthermore, efficient energy
transfer can take place between their components, as shown by the presence of only
one luminescence band for compounds which contain more than one type of chromo-
phoric units. The occurrence of energy transfer can be established by the quenching
of the luminescence of the donor unit and the sensitization of the luminescence of
the acceptor unit, and its efficiency can be estimated by comparing the absorption
and excitation spectra. The energy levels involved in energy transfer are the lowest
IM LCT excited state of each component. Because of these properties of the components
and of the stabilization of the LUMO of 2,3-dpp and 2,5-dpp on coordination to a
second metal centre, it can be expected that for the metal-containing building blocks
which are present in the polynudear compounds the energy of the lowest (luminescent)
excited state increases (as does the oxidation potential, lde supra) in the series Os(bpy)2
(j-Z5.dpp9 4  y)2(ioZ-dMp+ <Os(biq).2,-Z5.dpp9?+ 4Osi 2(,.,Z3.dpp?+ <Os

(p-2,5-dpp)] * < Os(p-2,3-dpp)2 + < Ru(bpy) 2(p-2,5-dpp)2 + 4 Ru(bpy)2 (p-2,3-dpp)2 * <
Ru(biq)2 (/u-2,5-dpp)1 + i Ru(biq) 2(p-2,3-dpp)1 + < Ru(bpy)(/p-2,5-dpp)+ 4 (Ru(bpy)
(j*-2,3-dpp) 4 * < Ru(p-2,3-dpp)1 ÷.

By using the above guidelines, it is possible to design polynuclear complexes where
the component(s) with the lowest energy excited state(s) is (are) located in the desired
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p,,ition(s) of the supramolecular structure. This allows a synthetic control of the
direction(s) of energy migration after light absorption.

For the decanuclear compounds IOA-IOF, the directions along which energy
transfer processes are exoergonic are schematically indicated by arrows in figure 7
(Denti et al 1992a). IOA displays a luminescence band at 809 nm that can be assigned
straightaway to the peripheral (bpy)2 Ru -o BL excited states. The lack of luminescence
at shorter wavelengths and the constancy of the luminescence quantum yield on
chaaiging the excitation wavelength indicate that the chromophoric groups based on
the central and intermediate Ru'* ions undergo an efficient deactivation to the
peripheral Ru-based units as expected because energy transfer is exoergonic in the
direction from centre to periphery. 10B exhibits exactly the same behaviour as IOA.
For compounds IOC and IOD. a broad luminescence band is observed at room
temperature, with a shoulder on its low energy tail. The maxima of the luminescence
bands almost coincide with those of the bands exhibited by I OA and lOB, respectively.
The predominant emission can thus be assigned to the peripheral units. Substraction
(after normalitation) of the luminescence band of IOA from that of IOC and of the
band of lOB from that of IOD yields a band with maximum at - 860 nm, as expected
for the luminesi.ence of a central Os unit. We conclude that, at room temperature.
IOC and 0OD emit from both the central and the peripheral units. Such behaviour
is consistent with the fact that in lOC and IOD the lowest excited state of the inter.
mediate Ru-based units lies at higher energy (- 2000cm- 1) than the lowest excited
state of the peripheral units. Thus for IOC and IOD the two-step energy-transfer
process from the peripheral units to the central one (where the lowest energy excited
state of the supramolecular array is located) must be very slow since its first step is
enduergonic by ,2000cm-'. Direct (through space) energy transfer from the
peripheral to the central units is exoergonic but should be slow because of the large
separating distance. A quantitative evaluation of the energy transfer efficiency from
the peripheral to the central unit is difficult to make from luminescence quantum
yield data because of the strong overlap between the absorption bands of the various
units.

For IOE and 10.F the lowest excited states are localized on the peripheral
(bpy)Os -. BL units which are expected to emit around 900 nm. With infrared-sensitive
equipment (Juris et at 1993) luminescence bands at 900 and 892 nm can in fact be
observed for IOE and IOF, respectively. The lack of any Ru-based luminescence for
IOF indicates a 100% efficient centre-to-periphery channelling of the excitation energy,
as expected because of the energy gradient (figure 7). For 0_E, deactivation of the
central Os-based unit by the peripheral ones should not occur because the first step
of this process is endoergonic. The lack of observable luminescence from such a
central unit may simply be due to the fact that most of the light, at any excitation
wavelength, is absorbed by the much more numerous peripheral and intermediate
units.

9. CoMclusioM

A synthetic strategy has been developed to obtain supramolecular dendritic structures
of nanometric dimensions made of metal complex units capable bf a high information
content (light absorption, luminescence, redox activity). Specific metal and/or ligands
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1OA 10 110bC

IOD IOf 1OF

Figure 7. Energy migration patterns for some decanuclear compounds. Empty and lull
circles indicate Rul * and OsQ,1, respectively. In the peripheral positions, circles and squares
indicate M(bpy}2 and M(biqJ, components, respectively. The arrows indicate the exoergonic
energy transfer steps.

can be placed in predetermined sites of the supramolecular array by an appropriate
choice of the building blocks. It is thus possible to design species where several
important functions can be synthetically controlled. In particular, made-to-order
control of the number of electrons lost at a certain potential and of the direction of
electronic energy transfer can be achieved.

Because of their strong absorption in the visible spectral region and the possibility
of predetermining the direction of energy migration, these compounds can be used
as photochemical molecular devices (e.g., as antennas for harvesting solar energy)
IBalzani et al 1987: Balzani and DeCola 1992, chap. 7). Because of the presence of
several interacting and/or noninteracting redox centres, they arc good candidates to
play the role of multielectron-transfer catalysts.
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Light-induced electron transfer in simple and supramolecular
Ru-polypyridine complexes

HEINZ DORR*, STEFAN BOBMANN, GISELA HEPPE.
RALPH SCHWARZ, URS THIERY and
HANS-PETER TRIERWEILER
FB I I Organishe Chemie, Universitilt des Saarlandes, D.6614 Saarbrtlcken, Imi Stadtwald.
Germany

AbhtracL In artificial photosynthesis the chief research goal is to duplicate the function of
the photosynthetic unit in nature but not its structural subunits. In this paper, light-induced
electron-transfer procsses of Ru-polypyridines as energy-storing systems, in the presence
of suitable acceptors and catalysts, are described. New highly photostable photosensitizers
are presented. A new approach using supramolecular (non-covalently) connected assemblies
in addition to covalently linked systems for eneegy-storing processes is demonstrated. The
use of clinical and new Ru-complex assemblies in oxygen or hydrogen generation from
water is dealt with. The efficiency of the new systems in the reduction of CO2 to methane
is presented.

Keyword. Electron transfer; supramolecculr photochemistry; supramolecular Ru-
polypyridine complexes.

i. Introduction

The photosynthetic unit has been characterized in Rhodopseudomonas viridis by
Deisenhofer et at (1984, 1985) and Mathis (1990). This work has stimulated intensive
photoinduced electron-transfer studies (Juris et ai 1988). In the recent past, this field
has developed extremely fast and is defined today as artificial photosynthesis.
Researchers aim to duplicate nature's functions but not its molecular design (Creutz
and Sutin 1975; Balzani et al 1978; Kiwi et at 1982; Seddon and Seddon 1984). The
complicated connections and interrelations of the different components of such
systems have led to the birth of a new field, supramolecular photochemistry (Balzani
1987; Balzani and Scandola 1990; Duirr and Schneider 1991). Natural as well as
artificial photosyntheses possess, as primordial characteristics, efficient light
harvesting units for the conversion of solar energy. The basic reaction to be realized
is light-induced charge separation leading to the cleavage of water. In artificial
photosynthesis this is achieved by sensitizers absorbing in the visible region of the
solar spectrum by electron relays functioning as short-time reservoirs of chemical
energy and redox active components that can be used for energy storage (Juris et al
1988). Catalysts play an important role in these processes concerned in lowering
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kinetic barriers of the dark reactions induced by the photochemical primary processes.
The typical components for such an artificial photosynthetic unit are shown in figure 1.
The energy to be stored in a photoelectron-transfer reaction is shown in figure 2.
Following excitation an (S*-R) pair is generated. Electron transfer then produces
(S+ + R- ). This pair can undergo a reaction on a catalyst to afford H 2 and 02 from
water or a competition reaction S÷ + R- to SR occurs, the so-called back reaction.
This leads to annihilation of the stored energy or, in other words, to waste of energ).
In order to avoid this problem a fast electron transfer (bimolecular) is necessary.
Looking for the cptimal system thus means that both unimolecul. .nd bimolecular
light-induced processes should have high values. The main task oi modern research
in the field of artificial photosynthesis is to find a cyclic system for water cleavage.
It should possess:

(1) a fast forward reaction of the radical pair (S + R- ) with a negligible back reaction.
(2) an efficient system to allow the one-electron sensitizers to carry out multielectron
redox processes as nature does.

Until today no reproducible cyclic system for artificial photosynthesis has been
found (not regarding semiconductors however, Serpone et at 1985). Therefore, studies
of sacrificial systems are good models for photoredox processes to generate oxygen
(Henglein 1984; Harriman et at 1988; Mills et at 1988; Heppe 1994), hydrogen (Creutz
and Sutin 1975; Balzani et at 1978; Kiwi et at 1982; Dfirr et at 1983, 1985; Seddon
and Seddon 1984; Kalyanasundaram 1992) or methane (Willner et at 1987) from
water or carbon dioxide, Typical parameters to be optimized in such systems are
collected in scheme I,

S' Sensitizer

k //
Relay CatalV5ts

Sclema 1. Tailor made compounds.

Bo~tinducod
Sprocess catalyzed

2 \ S4R-4.HO thermal reaction

Deactivation

h44

Back reaction

E T S :.+n/ .........................

Figure 2. Reaction scheme for the photochemical water cleavage.
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1.1 Sensitizers

From the different possible sensitizers, we have mainly focussed our interest on Ru-
polypyridine complexes (Diirr et al 1983, 1985). Good results in this field have been
obtained by various groups (Creutz and Sutin 1975; Balzani et at 1978; Kiwi et at
1982; Seddon and Seddon 1984; Balzani 1987; Balzani and Scandola 1990; Diirr and
Schneider 1991) as well as by us (Diirr et at 1983, 1985) regarding the parameters
mentioned in scheme 1.

One value however - high photostability - is still a major challenge.
A very efficient way of stabilization is the change of the MLCT versus the MC-levels

in Ru-polypyridine complexes (Balzani 1987; Balzani and Scandola 1990). Another
approach is linking the different bipyridine units in such complexes by intramolecular
bridges. This concept was advanced for the first time by Sargeson (1984). We have
used this approach to generate two types of new molecules, the Ru-coronates 1
(BoBmann and Diirr 1992) and the Ru-podates (DUrr and Schwarz 1993) 2. The
synthetic scheme for 1 and the formula for 2 is shown in schemes 2 and 3. These two
classes of bridged Ru-polypyridine complexes possess the photophysical properties
as shown in tables 1 and 2. All paramcers of this new class of molecules are suitable
for artificial photosynthetic systems. One parameter, is however, especially remarkable,
i.e. photostability or the inverse, called photoanation of the bridged Ru complexes.

Table 3 shows that Ru-coronates 1 are among the most photostable Ru-
polypyridines. Ru-podate 2f seems to exceed even this photostability and is amongst

49 0

K0 0

0

NC N 2

Schms I Ru.podats (Pod) ?,.

1 1

CH2 CH
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Table 1. Photophysical properties or Ru.(bpdz),
-polyethers and Ru-podate.

Complex A.(nm) A.,(nm) or

2a 421 457 631 0045
2b 420 458 630 0-048

2c 420 459 627 0-055

2d 422 469 616 0-13

Table 2. Photophysical data of Ru(bpdz)3.polyethers 2a-2d
and Ru-podate 2f.

?L(H 2 0) ?L(MeOH)
Complex [no] [ns] TL(CH 3 CN)

2a 1463+54 2295 + 87 3154
2b 1571 +64 2275 86 3136

2c 1943+87 2480 114

2d 3345+95 3246 +97 3448
2f 1986+309

Table 3. Photoanation quantum yields and rates of
Ru-coronates Ic and -podates 1. Photoanation of
RyL- +-conpo'nido (at 298 K).

T(nsj 0, x 102 O,

Ru(coronate) ] 3 .4 5 b 60 < 10-1,

Ru(podate) 2f 1986c 5.3 <C 10-6.

'No change after 10d irradiation: 6propio-/butyro-
nitrile; 'H 2 0

the best Ru-polypyridines (Rodriguez-Ubis et at 1984; Grammenudi and Vdgtle 1986;
Alpha et a! 1987, DUrr et at 1988, 1991) with respect to photoanation.

3. Covalently and non-covalently linked senltizer-relay-amemblies-Supramolecular
effects

Balzani (Balzani 1987; Balzani and Scandola 1990) has shown that nature employs,
in principle, a molecular photochemical device which is used for vectorial transport of
electric charge. Thus light is converted to chemical or electrical energy (figure 3).

In principle two approaches to realize nature's functions are possible. The
components of an artificial photosynthetic unit cun be based on a supramolecular
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Function lPhotolnduced vectorial transport of electric chare|
Utilization Conversion of light into chemical or electrical energy

Molecular photochemcel device

Role of light Thermodynamic
Necessary functions Light absorption; electron transfer
Components:

Interface towards light Psi
Interface towards use Pil and/i.; Rel
Other components C, (Rel)

Supremoleculrstructura Appropriate sequential assembly of the components; one.dimensional
(rigid) structure

Requiremonts Those of Pal, Rai. C. thermodynamic and kinetic requirements
of the electron transfer acts to make the charge separation
efficient

Example rAn-ificial ph.terthes

D A

Rel Pei Ret

Fig.. 3, Supramolecular photochenmlitry - photoinduced vectorial transport of electrical
charp (adapted from Halzani 1987).

Flgme 4. Model (charm calculation) of octylviologen/bpy-crown interaction.
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assembly which is linked: (a) by strong (covalent) bonds, or (b) by weaker
(non-covalent) bonds.

In these supramolecular structures energy dissipation should be fast and back
transfer -- the energy wasting step - should be negligible. Triads paralleling the natural
photosynthetic unit were studied by Maruyama (Osuka et at 1988, 1990), Wasielewski
(1992) and others. Lehn and coworkers (Rodriguez-Ubis et at 1984; Grammenudi
and Vdgtle 1986; Alpha et at 1987; Dfirr er a! 1988, 1991) published an absorption-
energy transmission diad.

Meyer (1990) prer!ared with his group the first Ru--polypyridine-containing triad.
A similar one was made by Sauvage et a! (1989).

(a) We synthesized a Ru-polypyridine diad (Duirr et at 1989) 3. This diad contains
the sensitizer and the relay in the same molecule (scheme 4).
(b) A second approach was tested in our group by including crown-ether units at
suitable positions in the Ru-polypyridine complex 4 (Dilrr and Schneider 1991). The
structure of these complexes is shown in scheme 5 and figure 4 (showing the interaction
of ligand and OV2

4), These molecules were studied by typical Stern-Volmer
techniques. MV2 * and the more lipophilic octylviologen were employed as quenchers.
As figure 5 demonstrates typical nonlinear Stern-Volmer plots for quenching are
obtained. The kinetic scheme 6 shows that a complex situation prevails. MV 2 + and
OV÷ may act in the quenching modes shown in scheme 6 (Bolmann et al 1992),

4. Oxidatdon of water to oxygen

The cleavage of water as has been demonstrated (vide supra) needs good light
harvesting molecules having suitable parameters in the excited state. However, to

G a)

b)44
47

I
4,

4 ,*44

4 4 , ÷÷, -* 4 4 44

o . . . I .. I . . .

0.0 0.5 1.0 1..5 2.0
EQ•. rul]

Filg. 5. Stern-Volmer plot of statical quenching of Ru.crown ether 4 with relay (MV +
and OV3" ) (a) and (b) 4b'/MV 3' or 4b'/OV2 +; (c) and (d) 4c/MV1 I or 4c/OV2 .
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o kbO 2ow ©

kt 2kb

Section: A B C

Scem 6. Kinetic scheme for quenching of sensitizers 1-4 with violoSens (MVa.. OV
2 ).

S-ssensitizers 4; Q-boundquencher in the crown either unit (MV,. OV2, );o

luminescence lifetime in the absence of Q; k1 and k, - forward and backward rate of binding
of Q, rupect~vely; k, - unimolecular reactive rate constant of quenching in the crown ether
unit; Q. - water solubilized quencher (MVI *, OVI *).

reduce or oxidize water the excited state species must also have the appropriate redox
pote tials.

Table 4 summarizes the redox potentials required for water cleavage. The redox
potentials for CO2 reduction (vide btfra) are included as well. To study the different
reactions involved separately, many groups have investigated so called sacrificial
systems to simplify the very complex processes.

For oxygen generation nature uses the catalytic system shown in scheme 7. We
have worked with a sacrificial system for oxygen generation represented in scheme 8.

The main problem here is to exclude atmospheric oxygen rigorously, a task many
groups have struggled with (Harriman et al 1988; Mills et al 1988; Heppe 1994).

02 2- If

2 H20k Mn Mn+

7. 3' 2He S 4 o t o n
MnMn MnMn

I 1 1I 11

S0 O- H204 0

0 3

Sce e . Hypteia sHeef+ ae xiain

IM M M
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Table 4. Redox potentials for H20 and C02 reduction and
H20 oxidation.

Reaction Potential. E0(V

2H" + 2*- H3 -0-41
C0 + 2H* + 2#- CO +H10 - W2
CO, +2H*+ 2e- -HCOOH -0&62
C02 + 6H *+6e --CH 2OH +H2 0 -0-38
CO, + 8*+ Il- .C1 4 + 2H20 -0,24
0 + 2H *+ 4e--20H- -2e +082

COCNH3 )5Cl3  EO - 0.54 V (NHE)

NaS 2 08  EO - 2.1 V (NHE)

02 -~Ru (bpy)3  [Co(NI-1,) 1 C13

K at

H0"/CRu (bpy) 33 Co 2

01 Co(OH),
Seimgn & Photoinduced sacrnfcial water oxidation.

Table S. 02.production in the sacrificial system Rtu-~polypyridlne/
Co(NH 5),Cl1/RuOa.
Acceptor: Co(NH3),ClCl2 in acetate buffer (pH 4-75)
Catalyst: RuO-suspenmion

Maximal 01 yield Slope

Ru(bpy)1(5SS-dmbpy)Ct2  13-0 0.60
Ru(bp412(4,4'-dmbpy)C11  12-0 0-38
Ru(bpy),(5,6.dmphen)C-11  105 0-49
Ru(4.4'.dmnbpy)3Cl3 103 0-27
Ru(4.4'-dznbpy)2 (bpy)C12  102 044
Ru(5.5'.dmbpy) 1ja3 9.0 0-36
Ru(bpy)21C12  649 0-33
ftu(phen)2(4,4.dmbpy)Cl2  6.6 0-22
Ru(bpy),(Dp4cooThK)C1 2  6-0 021
Ru(S.6-dmphen)1Cl2 42 0.19
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We were using a set up developed by Memming, Meissner and coworkers (Memming
et at 1992).

In the sacrificial system referred to above we have generated 02 as is shown in
table 5. The standard system being based on Ru(bpy)2 + is exceeded in its
O2 -producing ability by modified Ru-polypyridines. Donating groups in the
bipyridine moiety of Ru(L 3)9÷ have proved to be most efficient.

5. Reduction of water and carbon dioxide

The reduction of water-employing Ru-polypyridines has been studied for quite a
while by many groups (Kalyanasundaram et at 1969: Creutz and Sutin 1975; Balzani
et a! 1978, Kiwi et a! 1982; Seddon and Seddon 1984; Kalyanasundaram 1992). The
essential problem is to use efficient and selective catalysts, A series of Pt-metals has
been employed in these investigations. As typical examples Ru(bpy) +-and

Ru(phen)2 '-derivatives are selected (figure 6) (Dilrr et a 1985; Trierweiler 1989; Kraus

1 61

1 Ful.bpy)32 + 36S5
a Ru14,7-M62phenl32+

b AuI(.5,.M 2 bPY)3
2

+

C Ru(44'-Mo 2 bPy02(4,7-M*2ohenf
2

+

d PRMAAM-SaCO0MO'00y3 
2

+

a Au(4.4',.Dl .COOEt-bPV)3
2 +

57.0 58.4 $0l8l51,Sr0.8 16 ///////

i a b c d 0

Figu.e 6. Hpirogen production depending on sensitizer (sensitizer Ru(L3)a; relay:
MPVSO, catalyst: Ru-Sol, donor. TEOA).

s0

70

60 i

20 -.
S... .

Fi . r .. ....... . ....&...

Rutbyp)3 t € lb 1is

F~gure 7. H1 .lgeneration rates with the coronale seniltijzera I~a, lb and 1c.•
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1
3 Ru(dm tepyi)C,

5 Ru(bipichtpy2

1 - 1 Rt~bpyli#

0 50 100 150 200
t (min)

3
(b)

~2 /
> n.rea

I - Ru~bz pH:i.

0 50 100 IS0 20O
t (min)

' 100

ii(C

3 0
E

2-0-

(iJ amehane-evolution '" fblsfr•* Of C02 |ad NaHCO3

Viil) mehnothneevolution with I1AulbpV1$2 +. as slnsliusr andl MPV8 asl
ii

_.r vltion in.tie (mi ysem.......
(40) as sensitif and 2-TMV2 as relay at pH w 7 and 4-7. (c) CH,4ovolution using
the sensitlser-relay-auambly 3, TEOA as donor and Ru u catalyst.
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300

200 
Ru

100

0
0 20 40 G0 60 100 120

T Imrt, ,min

Flpre 9. HI-gcncration witi sensitizcr-relay-assembly La/MVI*.4b'/MV'* and 4c,'MV",
tricihanolamnine as donor, nmethylviologcn/propylviolo~en-,ultonateas electron reliay and a
microheterogeneous TiO2-Pt-catalyst compared to Ru(bpy)'*. (a) Ru-py)2 PEC(4a),
(b) Ru(bp4CO2 Me), bp4 tpcntaethylene crown) 4b' (c) Ru(bP4CO2 Et), bp4 (pentaethyiene
crown) 4c. 1d) Rubpyh,.

1991). Using Ru and Os catalysts instead of Pt-metals extends the scope of this
reaction considerably. In addition to H2 from H20, Cl- 4 may also be generated by
reduction Of CO2 (Rodriguez-Ubis et at 1984; Alpha et at 1987; Willner el a! 1987;
Dilrr etat 1988, 1991).

This is an interesting process which - if optimized and used on a large scalf. - would
contribute to the solution of the greenhouse effect.

It has been found by Wiliner (Willner et at 1987), in collaboration with our group,
tht u~py~ 4 yild H ad l 4. Employing Ru(bpz)2* as sensitizer gives rise to

a selective production of CH. (Wiliner et at 1987).
In model studies for our supramolecular systems we examined a series of

Ru-bipyridine and phenanthroline complexes. One of the best complexes in hydrogen
generation is the diester (Ru-4,4'-bis-CO 2Et-bpy)1') (Willner e't at 1990) (figure 6).
This is also one of the most efficient complexes producing CH 4 from CO2.
Ru-coronates 1 have been shown to produce H2 despite the large sterical demand
of the sensitizers involved. However, the sterically very large Ru-complexes give about
1/6 of the hydrogen yield compared to Ru(bpy)21 + $ol~nann and Dflrr 1990) (figure 7).
The sensitizer-relay assembly 3 has been employed for Ha and methane generation.
It is much more efficient than the standard system as shown in figures 8a-c. Hydrogen
evolution from the supramolecular Ru(bpy)2 PEK 2 * (4)/MV2 

+ assembly is clearly
superior to the standard Ru(bpy)2 (see figure 9). In figure 10 a schematic representation
of the mechanism of this system is given.

6. Conchlomle

it has been shown that Ru-polypyridine complexes can
(I) be stabilied with respect to photoanation by intramolecular links as in coronates

1or podates 2;
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hu

bpy

p ••hv

bPy

S.MV

2 +

bpy

C MV2' .5u1  MV2'

bpy

A,--

oI2ot$ M2 MV2 +

Fige. 10. Quenching model of the bLs-heteroleptic-crown ether-ruthenium sensitizers 4.
(A) The quenching mechanism 1i diffusion controlled the binding of MVI+ in the crown
ether receptor Is not observed because of its low concentration ([Q) rel =0-0"2). (3) The
binding MYI* in the crown ether unit is the dominant process; the quenching constants
are higher than the diffusion-controlled rate ofdifftdon ([Q] rel - 2-0.8). (C)The quenching
constants decrease; further quenching is diflsion controlled. (D) At relatively high total
concentrations electron transfer from the bound MV3 + to the Free MVY * occurs, leading
to a rapid increase in the quenching constsntL

(ii) undcrgo efficient bimolecular electron transfer in covalently or non-covalently
(supramolecular) linked sensitizer-relay-aggregates, such as 3 and 4:
(iii) be used emciently in oxygen formation involving electron-donating groups;
(iv) be employed in hydrogen generation in classical and supramolecular systems;
(v) efficiently produce CH,6 from CO 2.
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Photophysics of pyrene substituted oligosilanes
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MILLER2

'K U Leuven, Department of Chemistry. Laboratory of Molecular Dynamics and
Spectroscopy, Celestijnenlaan 200F, B-30111 Heverlee. Belgium
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Abstract. The absorption and fluorescence properties of l-pyrenyl substituted permcthyl-
oligosilanes are reported. The charge transfer in I1.pyrenyltridecamethlylhexasilanc is explained
by electron transfer from the Si-Si a orbitals to pyrene in the excited state. Evidence is
found for ground state interactions in l.3I-datl-pyrenyllheitamethyltrisilane. based on
absorption and IH-NMR measurements. The fluorescence properties or 1-(1-pyrenyl).
3-(p-N,N-dimcthylanilino)hexamethyltrisilane are compared with its carbon antalogue
1-Il-pyranyl). 3.-(p. N. N-d imet hylan i Iino) propane. Ground state in teractions are found for
the silicon-bridged donor-acceptor compound.

Keywofds. Pyrene substituted oligosilanes; ground state interactions; silicon-bridgcd
compounds; exciplex, electron transfer.

1. Introduction

Polysilanes or polysilylenes are polymers which contain only silicon atoms in the
backbone. Recently, polysilanes attracted a lot of scientific interest, mainly due to
the unexpected chemical and spectroscopic properties of the completely sigma-bonded
silicon backbone (Miller and Michl 1989). The first electronic transition of oligosilanes
and polysilanes (Si5 2 ,,.2) occurs at surprisingly low crnergies as compared to their
carbon analogues. This transition shifts to higher wavelengths with increasing
silicon-chain length and reaches a constant value for ri between 40 and 50. The
transition has been assigned as a a(Si -Si) -. a*(Si-Si) in which the sigma electrons
are delocalised along the silicon backbone. The electronic structure and spectral
properties of oligo- and polysilanes more closely resemble those of conjugated
n-systems such as polyacetylenes than those of the related carbon-based systems such
as polyethylene. It has been proposed that the conjugation through gauche SiSiSiSi
is smaller than that of conjugation through trans SiSiSiSi (Klingensmith etat 1986).
Recently. Plitt and Michl (1992) demonstrated that trans-Si, Met,, shows the expected
red shift relative to Si 3M~es, but gauche-SiMe1 0 does not, which is experimental
evidence for the better conjugation in a trans than in a gauche chain.

Charge transfer fluorescence has been observed for several pentamethyldisilanyl-
substituted aromatic compounds. This charge transfer was not observed for the
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Figure I. Structures and abbreviations of the compounds studied.

trimethylsilyl substituted aromatic compounds. Shizuka assigned the charge transfer
fluorescence to a state produced by electron transfer from the aromatic ring to the
3dn orbitals of the disilane (Shizuka et a1 1981. 1985). However, Sakurai et at (1990)
proposed electron transfer from the Si-'-i sigma bond to the aromatic moiety in the
excited state. Orthogonal intramolecular charge transfer was suggested in which the
Si-Si sigma bond lies in th: plane of the aromatic ring and thus orthogonal to the
n orbitals. We reported already .hat P6 (see figure 1) showed charge transfer
fluorescence although PI, P2 and P3 showed only fluorescence from the locally
excited stete (Declercq et a! 1991). We concluded that electron transfer in P6 occurred
from the hexasilane chain to pyrene in the excited state, which supports the mechanism
proposed by Sakurai et al (1990). In this paper. the charge transfer of P6 is studied
in greater detail and additional evidence on the proposed mechanism is given. P3P
and P6P (figure 1) were synthesised in order to study the excimer formation between
two pyrene groups linked by a silane chain. P3D and P6D 'figure 1) were synthesised
in order to study the possibility of through bond interaction, mediated by a silicor.
chain, between a donor (N.N-dirnethylaniline) and an acceptor (pyrene).

2. I-Pyrenylsubstituted oligosilanes: PI, P2. P3 %nd P6

2.1 Abso'rption properties

The absorption spectrum of Pl, is comparable to that of 1-methylpyrene. The
maximum of the 'La-transition is situated at 344nm. Introduction of a disilanyl
group (P2) results in a bathochromic shift towards 349 nm. The higher homologues
P3 and P6 show a maximum at 350 and 351 nn respectively. Going from PI towards
P6. a gradual decrease of 'he absorption vibrational fine structure and the molkur
extinction coefficient at the maximum is observed (see table I and figure 2).

The weak 'Lb t~ransition (e < 1000), detected at 375 nm for PI and P2 could not be
observed for P3 and P6, due to overlap of the ' La transition. The increased absorbance
around 250-270nm for P6 as compared to PI, is due to the absorbance of the
hexuailanc chain, tetradecamethylhexasilane has an absorption maximum around
260nm (Gilman et a! 1964). The effect of the silicon chain on the absorption spectra
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Table I. Absorption properties of pyrene, P1, P2, P3
and P6 in iso-octane.

Compound 1 La(nm) c'La(Lmol- Icmi

Pyrene 334 54.300
P 1 344 50.600
P2 349 43.500
P3 350 38.600
P6 351 27.170

1.4

1.2

0.90.a "
08.'

0.4 ,
0.3

0.2 '

01

220 240 280 no 300 WM 340 3W 3111 400

wavelength (nm)
Figure 2. Absorption spectra of P1 (--) and P6( ..... in iso-octane at room temperature.

of pyrene is remarkable if we compare this with the carbon analogues of the
compounds meitioned above: 1-methylpyrene and I-ethylpyrene have an absorption
maximum of the tLa transition at 342.4 and 342.6 nm, respectively (Reynders 1988).
It can be concluded that although the electronic transition is still recognizable as
perturbed pyrene n -- 7i* transition, there is an interaction in the ground state between
a saturated silicon system and pyrene.

2.2 Fluorescence properties

The fluorescence maxima of Pt, P2 and P3 are situated around 390nm, and they
are not dependent on solvent polarity. The fluorescence decay, recorded by means
of the 'single photon timing' technique, could be aaalysed as monoexponential decay.
This fluorescence can be attributed to a n* - n pyrene fluorescence. The respective
fluorescence quantum yields, 4f, together with their fluorescence decay times, are
given in table 2.
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TaMe 2. Quantum yields and fluorescence decay times in
Iso-octane at 23'C.

Compound 4D r(ns) k. f1 06s-1) 41isc

Pyrene 2.2
PI 0'80 324 2'5 0.19
P2 &75 282 2'7 0'25
P3 0.74 230 3'2 0"26
P6 0 .47 76 .4 6 .1 -

The fluorescence rate constants can be calculated using the fluorescence quantum
yield and the fluorescence decay time. kf increases on going from pyrene towards P3.
The fluorescence of pyrene occurs from the ' Lb state. The increase of kf could be
due to a contribution of the 'La state in the lowest excited state, which increases the
transition probability. It has already been suggested that Oic is very small for planar
polycyclic aromatic compounds such as pyrene (Wilkinson 1975), so that Oisc can
be calculated using (1 -Of). Going from PI towards P2 results in an increase of (isc
by a factor 1.5, probably due to the introduction of a second heavy silicon atom.
However, introduction of a third silicon atom in the silane chain does not affect (isc
that much. The same value of EZisc within experimental error was obtained using Laser
Induced Photoacoustic Spectroscopy (LIOAS) (Van Haver et at 1992).

In contrast with P1, P2 and P3, the fluorescence of P6 is dependent on the solvent
polarity (Declercq et at 1991). A change from iso-octane to ethylacetate as solvent
results in a bathochromic shift of the fluorescence maximum from 390 to 476 nm and
a decrease of the fluorescence quantum yield from 0.47 to 0.05 (figure 3). The
fluorescence decay in iso-octane could be analysed as a monoexponential function,
which indicates that the charge transfer state is produced very rapidly. The

fluorescence rate constant kf of P6 in iso-octane is much larger than the kf of PI, P2
and P3 (table 2), which indicates that the fluorescence from the charge transfer state
is faster than from the locally excited state. Using the Lippert-Mataga formalism
(Von Lippert 1957; Beens et al 1967), the dipole moment of the excited state can be

calculat,:d as 21D, assuming 6A for the solvent cavity radius p. This indicates
that in the excited state, a very polar species is produced, in which the charges are
separated over more than 4 A. This polar species is attributed to a charge transfer
state, which is produced by electron transfer from the hexasilane chain towards pyrene
in the excited state. The fact that no electron transfer is observed for P1, P2 and P3
can be explained based on the change of free energy for electron transfer. The AG°,
values can be calculated using the redox potentials of the respective permethylated

silane chain and of pyrene, the excitation energy and the Coulombic stabilisation
energy. If the redox potentials are measured in acetonitrile, the Coulombic attraction
energy can be neglected. If it is assumed that the oligosilane chain acts as a donor,

(.AIA -) + hv0,o equals 1.1 8eV, and E' +1D) of Si2 Me., Si, Me. and Si. Me, 4 equals
'.880, 1.520 and 1.075eV, respectively (Boberski and Allrod 1975). It can then be
worked out that AG., will be negative for P6 and positive for P1, P2 and P3. Thus,
electron transfer is possible from the hexasilane chain towards pyrene in the excited
state due to the lower redox potential of the hexasilane chain.

AGe . E(°o+i (m-EAIA_-hoo - e /(4ng~o , r).
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Figure 3. Fluorescence spectra of P6 in Iso-octane (-) and othylacetate (.

The fluorescence spectrum in benzene does not change upon cooling the solution
from 10°C to a rigid matrix at - 3.3°C, beneath the melting point of benzene. This
suggests that no rotation is necessary to have intramolecular charge transfer in P6,
which has been proposed by Sakurai (Sakurai et al 1990) for the phenyldisilanes.

3. Bipyrenyl4ubstituted oligosilanes: P3P and P6P

The absorption spectrum in iso-octane of P3P clearly differs from that of its reference
compound P3. which is an indication that the two pyrene groups interact in the
ground state. However, almost no differences in the absorption spectra of P6 and
P6P can be observed (figure 4),

The 'H-NMR spectra of P3P and P6P were analysed and compared with those
of their reference compounds. A strong shielding is observed for the aromatic signals
of P3P. compared with P3, which indicates that the two pyrene groups exert ring
current effects in the ground state (figure 5). These effects arc much smaller for P6P
compared with P6, suggesting that the average distance between the two pyrene
groups is larger in the latter bichromophore.

The large shielding effects in P3P were not observed for the related carbon
compound 1, 3-(di-I-pyrenyl)-propane. which is an indication that the two pyrene
groups in the silicon system have a much larger tendency to come together in the
ground state than in the carbon-based system. It should be emphasized that the Si-Si
bond length is 2-35A, a value much larger than the CH 2-CH2 bond, so that the
methyl groups on the silicon atoms do not hinder the rotation of the silicon chain.
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Figure &. Ai = 6(P3p) - 6(P6) and A6 = 6(P6P) - 6(P6) for the pyrene protons of the silicon
compounds (-5-) and for the related carbon compounds (-W) in CDCI3 .

One can conclude that the hexamethyltrisilane chain is more flexible than the propane
chain. Welsh and Johnson (1990) calculated the energy barrier for the rotation of
a Si-Si bond in all-trans poly(dimethylsilane). The maximum energy barrier was
located at the cis conformation, 2.75 kcal.mol-I higher in energy than the trans,
which is indeed in sharp contrast with the relatively high barriers ( > 6 kcal.mol- I)

in the case of n-alkanes.
The emission spectrum of P3P is dominated by a broad, solvent-independent

fluorescence band, which can be assigned to excimer fluorescence (Declercq et a/
1991). However, the fluorescence of P6P is dependent on the solvent polarity, and
can consequently not be described as an excimer fluorescence, The fluorescence
maximum depends on the solvent polarity, in the same way as for P6, so that the
excited state of P6P can also be explained as a a(Si -Si)-. n* charge transfer state.

4. Donor-acceptor substituted oligosilanes: P3D and P6D

The differences in the absorption spectra of P3D and its reference compound P3 in
iso-octane indicate interactions in the ground state P6D and P6, however, show
similar absorption spectra (figure 6). The fluorescence of P6D is dependent on the
solvent polarity. The dependence of the fluorescence maximum on the solvent polarity
termf- 1/2f= (c - 1)/(2c - I) -- (n2 - 1)/2(2n 2 + 1) is the same as for P6, so that the
dipole moment of the excited state of P6D should be approximately the same as for
P6 (figure 7). However, the Stokes shifts of P6D are systematically larger than those
of P6, suggesting an additional interaction of the N,N-dimethylaniline group with the
u(Si-Si)-. n* charge transfer state. N, N-dimethylaniline is a better donor than tride-
camethylhexasilane, so that electron transfer could occur from N,N-dimethylaniline
towards pyrene by mediation of the hexasilane chain.

P3D also shows a solvent-dependent fliuorescence spectrum. Using the Lippert-
Mataga formalism (Von Lippert 1957; Beens et al 1967)-, the dipole moment of the
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FIgure 7. Fluorescence maxima of P6D, P6 and P3D in function of the solvent polarity
term f- If'.

Table 3. Comparison of the absorption and fluorescence properties
or P3D and PYD.

P3D P3D

'La absorption maximum 351 nm 342 nm
Maximum exciplex fluorescence 467 nm 477 nm

11 14-3D 12-2D
Of 0.012 0.247
t 0.57 ns 3.73 as
T3 3.12 ns 88.1 ns
A,/A 2 Iexciplex region) -0.64 - I

excited state of P3D is 14-3D, a value which is comparable with I22D of the
related carbon compound I-(I-pyrenyl, 3-(p-N,N-dimethylanilinopropane)) (P3D)
(Imbayashi et at 1988). The photophysical properties of P3D and its carbon analogue

P3'D are compared in table 3.
It is immediately clear that the fluorescence quantum yield is much smaller for

P3D than for its carbon analogue. The fluorescence decay in the exciplex region
could be fitted to a difference of two exponentials, with two decay times which are
much smaller than the ones of the carbon system. This could suggest that exciplex
formation in P3D is much faster than in PYD. In contrast with P3'D, the ratio of
the negative pre-exponential factor to the positive pre-exponential factor (A 1/A2 in
table 3) deviates from - 1, which suggests that the Birks kinetic scheme is not
applicable to exciplex formation ir. P3D (Reynders at al 1990) and that there is

S.... .. _ _ _ _ _ _ __..... . .... . ......... . . .. . .. .... .. .--
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interaction in the ground state between the donor and the acceptor. Further, the
differences in the absorption spectra of P3D and P3 and the differences in the
excitation spectra of P3D, measured in the locally excited state wavelength region
and in the exciplex region, give additional evidence for the interaction between the
donor and the acceptor. It is important to note that the fluorescence spectrum of
P3D in benzene does not change upon cooling from room temperature to - 3.3'C,
below the melting point of benzene. Further, X-ray analysis showed that the trisilane
chain is not folded but in an extended conformation so that the pyrene and
N,N-dimethylaniline can not interact through space. The fact that the fluorescence
is the same in solution as in a rigid matrix indicates that the trisilane chain does not
need to rotate to ensure exciplex emission, which suggests that through-bond effects
might be important in the interaction between pyrene and N,N-dimethylaniline,

5. Conclusions

Delocalised sigma systems can act as donors in the fluorescence quenching of aromatic
compounds, provided that the ionisation potential of the sigma system is low enough:
electron transfer is observed from the hexasilane chain towards pyrene in the excited
state in P6. However, no electron transfer occurs in P3, due to the higher ionisation
potential of the trisilane chain, a shorter delocalised system than the hexasilane chain.
It has been shown that the two pyrene groups in P3P tend to come together in the
ground state, which is not observed in the carbon analogue where the dimethylsilane
groups are replaced by CH 2 groups. This suggests that a hexamethyltrisilane chain
is more flexible than a carbon chain. The fluoresence of P3P is characterised as
excimer fluorescene and P6P shows a o(Si-Si)-.. n* charge transfer, such as with P6.
P3D shows exciplex fluorescence and it is proposed that the observed interactions
between pyrene and N,N-dimethylaniline could be mediated through the trisilane
chain.
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Kinetics of charge transfer reactions in photoelectrochemical cells

R MEMMING
FB Physik der Carl-von-Ossietzki-Unlversitdt Oldenburg and Institut fur Solarenergiefor-
schung (ISFH). SokelantstraW 5, D-3000 Hannover I, Germany

Abstract. In the present paper, fundamental aspects of charge transfer processes at semi-
conductor particles and extended electrodes are analyzed and compared. Although, in
principle, the same reactions occur at particles and electrodes, different factors, such as light
intensity, particle size, adsorption of electron donors or acceptors and formation of space
vharges, influence the reaction rates and sometimes even the reaction route. It is shown that
rate constants are preferably determined from measurements at extended electrodes. Various
mechanisms are discussed in detail.

Keywords, Semiconductor-electrodes; semiconductor-particles; kinetics.

1. Introduction

For almost 20 years many research groups have been studying and developing solid
state devices, photoelectrochemical and photochemical systems with respect to
conversion of solar energy. From this research it has became quite clear that high
conversion efficiencies can only be obtained with heterogeneous systems. From this
point of view, systems containing solid-solid and solid-liquid interfaces are of
particular interest. Solid-solid systems, such as for instance pn-junctions, are adequate
for conversion of solar energy into electricity, whereas semiconductor-liquid systems
can, in principle, be used for the production of electricity as well as of storable
chemical fuel.

During the last decade, many reactions in semiconductor suspensions and colloidal
solutions besides processes at extended electrodes have been extensively studied.
Various aspects of this research have been summarized in review articles. Restricting
ourselves to the last decade, review articles have been published on photoelectro-
chemical conversion by Gerischer (1979), Tributsch (1982, 1988), Lewis (1984), Hodes
(1985), Memming (1988, 1990. 1991), on charge transfer reactions at semiconductor
electrodes by Pleskov and Gurevick (1986), Morrison (1980), Jaegermann and Tributsch
(1988). Memming (1983. 1993) and Gomes and Cardon (1982) and on semiconductor
particles by Henglein (1988, 1989) and Bahnemann (1991). In the present paper, the
kinetics of reactions at semiconductor electrodes and particles will be compared with
the main emphasis on the question of which factors determine the reaction rates in
both cases.

2. Reactions at semiconductor particles
Since a semiconductor crystal or particle is a multi-atom or a multi-electron system,

the electron energy levels are usually degenerated into energy bands, The distance
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between the conduction and valence bands can be determined by absorption
measurements, from which an absorption edge can be determined. The energy position
of the conduction and valence band is usually entirely determined by the liquid
contacting the semiconductor electrode or particle. This result is due to the strong
interaction between the semiconductor surface and the electrolyte, such as for instance
water, as proved experimentally by capacity measurements, which can be performed
only with electrodes and not with particles (see also § 3). Accordingly, the positions
of the conduction and valence bands at the surface of a semiconductor do not change
upon addition of an electron donor or acceptor, such as a redox system, to the
electrolyte. The absorption of the colloidal particles changes, however, if their
dimensions become smaller than about 5 nm. On decreasing the size, at first a larger
gap is observed, the finally - at very small diameter - exciton bands occur in the
absorption spectra. Since the long range interaction disappears, quantization of the
energy bands occurs. The exciton formation in small particles is due to a stronger
coulomb interaction within the limited space in small particles. The energy levels in
a particle have been calculated by using a simple quantum mechanical model for a
particle in a 3-dimensional box (see e.g. Waller et al (1984), Rosetti et at (1985)). An
exact position of the energy levels of the extremely small particles cannot be
determined. One can only estimate it by studying electron transfer reactions from
the conduction band of the particle to an electron acceptor during light excitation.
One example is the reduction of protons at 5 nm PbSe- and HgSe-colloids, which
has only been observed with small and not with big particles (Nedeljkovic et at 1986,
Micic et al 1992). Accordingly, the conduction band of big particles occurs at energies
below the H+/[- 2-redox potential and above it in the case of quantization.

Concerning photo-induced charge-transfer reactions at small or big semiconductor
particles, such processes are only possible if both oxidation by hole transfer and
reduction by electron transfer occur simultaneously, as illustrated in figure lb.
Accordingly, the slowest reaction step determines the overall rate, as expected in the
case of excited aromatic molecules also. On the other hand, if no electron acceptor

d D
EE

A- A-

hv -D0

a) d>dsc b) d4cdsc

Figwe . Election- and hole transfer at larp (a) and small (b) semiconductor particles o
an eletron acptor A and donor D.
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is present in the solution, then the photoexcited electrons may be trapped at surface
sites, as found with colloidal 11O 2 (Bahnemann et al 1984). These electrons exhibit
a characteristic transient absorption spectrum, which can be easily measured by laser
flash spectroscopy because of the large surface area of the TiO 2 colloidal solution.
Also the trapping of holes has been observed when electrons are efficiently scavenged.
Corresponding transient spectra of trapped holes have been found with TiO2
(Bahnemann ct al 1984) and CdS-particles (Baral et al 1986).

As discussed above, electrons and holes produced by light excitation in a small
semiconductor particle can be easily transferred to an electron-acceptor and -donor,
respectively, provided that the energetic requirements are fulfilled. The quantum
efficiency of the reaction depends on the transfer rate at the interface, on the recom-
bination rate within the particle and on the transit time. the latter being given by
(Griitzel and Frank 1982),

r - RlnD(I}

where R is the radius of the particle and D the diffusion coefficient of the cxcited
charge carriers. Taking a typical value of D -- 0.1 cm's-I and a radius of l0 nm, the
average transit time is only about I ps. This value is much smaller than that for
recombination, which is usually greater than several nanoseconds. Accordingly, the
kinetics of a reaction is mainly determined by the surface properties of a particle.
Besides surface effects, particles behave like excited organic molecules,

Mostly, oxidation and reduction of organic molecules have been studied in semi-
conductor suspensions and colloidal solutions. This implies that two charges per
molecule have to be transferred before a stable state is reached. Taking the oxidation
of ethanol as an example, the transfer of two electrons to a particle leads to the
formation of aldehyde. This reaction has been studied at different semiconductor
particles such as TiO2 , CdS and ZnS by using H20 or 02 as an electron acceptor.
In the case of TiO 2 , SnO2 and CdS, only acetaldehyde is formed, whereas with small
ZnS-particles butanediol was also formed as an oxidation product (MUller et ai 1993).
The latter result can be explained by a single-hole transfer from an excited ZnS-particle
to ethanol, leading to the formation of a hydroxyethyl radical which diffuses into the
solution. There it undergoes dimerization and disproportionation by reacting with
another radical, as illustrated in figure 2 (Miller et al 1993). A similar mechanism
has been proposed by Henglein et al (1984), who observed the formation of pinalcol
at nm-particles of ZnS in the presence of 2-propanol, using CO2 as an electron acceptor.
Cross-reaction products have also been reported. For instance, Yanagida (1991 -
private communication) has observed the formation of pinalcol at small CdS.colloids
with an excess of 10mol % of S' when using methanol as an electron donor and
benzophenone as an acceptor. It should be mentioned that some published experimental
data on reaction products at ZnS- and CdS-colloids are controversial. This is due
to very complex surface chemistry, as studied in detail by Miller et al (1993). Already
the synthesis of the particles plays an important role, for instance, whether the ZnS-
particles are prepared a a solution with an excess of S2 -- or Zn2 *-ions. A discussion
of the influence of the surface chemistry on the kinetics, however, would be beyond
the scope of the present paper.

It is interesting to note that acetaldehyde but no butanediol is formed at excited
TiO 2, SnO, and CdS-particles. Here also a hole is transferred to ethanol, leading to
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the formation of a radical. Since, however, ihc energy bands occur at much lower
energies, an electron can be injected into the conduction band of these matcrials
(figure 3), i.e. aldehyde is formed immediately at the same particle. Here, a second
electron is created in the conduction band besides the other one produced by light
excitation. This is possible because in a semiconductor-particle the density of energy
states is high. In this aspect, even a small particle differs considerably from an excited
aromatic molecule. The different behaviour of ZnS as compared to the other semi-
conductors becomes clear by comparing the position of the energy bands with respect
to the redox potentials of the ethanol/radical- and of the radical/aldehyde-couples,
the latter being determined by Lilie et a (1971) (see figure 4), The phenomenon that
both energy bands are involved in the oxidation of organic molecules is well known
from investigations with semiconductor electrodes ("current.doubling-effect"). For
details see e.g. Memming (1983).
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Figure 4. Energy scheme of various semiconductors (left) and redox potentials of the
ethanol/aldehyde system (right).

Returning to the oxidation of C2 H5 OH to the radical by a single hole transfer at
an excited ZnS-particle, the question arises as to why this radical ia not immediately
furthe~r oxidized to the aldehyde by a second hole transfer, which is energetically
feasible. Concerning this problem, it has to be realized that this second hole has also
to be generated by light exzitation, and that it may take a considerable time un~til a
second photon is absorbed by the same particle. This time interval can be estimated
as follows.

Taking a 3-nm ZnS-particle as as, example, its absorption cross-section o can be
calculated from the Mie-thitory (Ribarsky 1985). We thus obtained • •- 5.4 x 10- 16cmii-2

at a wavelength of 320 nm. Using light intensity of 3 x 1016 photons cm-2 s- , the
time interval between two absorption incidents is, on the average, about 60 ins. Within
this period, a radical formed by hole transfer can certainly diffuse away from the
particle, which explains the formation of butanediol in the solution (figure 2). Since
the absorption cross-section increases with the diamaeter of the particle, the time
interval between two absorption incidents in an individual particle decreases. For
instance, in the case of a 4-p•m-particle a = [3 × 19-•ct- 2 , and the time interval is
of the order of lOOps for the same photon !lux, i.e. it is shorter than for 3-nm-particles
by 8 orders of magnitude. According to this estimate, it was predicted several years
ago that the reaction mechanism may change due to this particle size effect (Memming
1988). Recently, we succeeded in proving this effect also by studying the oxidation
of ethanol at small (3 nin) and big (4p•m) ZnS-particles. As shown in figure 5, butanediol
is only formed at the 3 nm-particles, whereas aldehyde was formed with 4 pm-particles
(Muiller st at 1993).

Electrochemnical investigations with semiconductor electrodes have shown that a
space chrirge layer exists below the surface, i.e. energy bands are bent. This occurs
of course also in a particle, as already illustrated in figure la. The thickness of the
space charge layer depends on the doping, i.e. it is large for a low doping density

and small for a large doping. Typical values of the thickness are of the order of

II-
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d. 10- 5 cm for a density of 1017cmn-. Since there is an energy barrier for electrons
(figure la), the question arises whether this barrier influences the kinetics and therefore
the transfer rate of reactions at particles of a size d >> d.. Since the electron density
at the surface can be rather small, the rate of the electron transfer to an acceptor
and consequently the rate of the overall reaction will be small. In such a case, the
recombination rate will increase. On the other hand, the holes created by light excitation
are driven towards the surface because of the electrical field across the space charge
layer. This leads to a negative charging of the particle, causing a flattening of bands,
so that electrons are more easily transferred (see dashed line in figure Ia). The actual
rates of the two processes, i.e. electron and hole transfer, finally depend on the rate
constants.

3. Reactions at extended electrodes

Frequently it is difficult to get an insight into the mechanism of reactions at particles
because the two processes, reduction of the electron-acceptor and oxidation of the
donor, always take place at the same time. In many cases, it is easier to study reactions
at semiconductor electrodes because one of two processes can be avoided by polarizing
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the electrode. The charge transfer process can be analyzed in terms of partial currents
in the dark and under illumination, as schematically illustrated for an n-type semi-
conductor electrode in figure 6. The cathodic current corresponds to the reduction
of an electron acceptor and the anodic current to the oxidation of a donor. Since
the latter current is increased by illumination, the corresponding process requires
holes. Under open circuit conditions (j = 0), the electrode potential occurs at Ud,
under illumination the open circuit potential is shifted to Ur., i.e. to a potential at
which anodic r, hot. irrent and cathodic dark current are equal. This shift to the
open ci" . . s the same as that already discussed for the big particles in § 2
(see also ,. " "cans a decrease of band bending. Assuming again that the
cathooL, rmac --n is conduction band process, the current is given by

l ., (2)

in which ,- is th. concentration of the electron acceptor in a number of molecules
or ions per cubic centimeter, n, the electron density (cm -3) and k,.,,d a second-order
rate constant (in cm's-¼. Using the theories of Marcus (1964) and of Gerischer
(1960, 1961), the rate constant is given by

k.,rd- =kmlde exp (E,- E'.,,,ox + .) 2/4kTA], (3)

in which E, is the lower edge of the conduction band, E .,o,. the standard energy
potential of the redox system (electron acceptor) and A the reorientation energy. kd
is the maximum rate constant for (E, - E' + A) = 0. The electron density at the
surface n, is related to the bulk density no by

n, noexp( - eiO/,kT), (4)

in which 0 is the potential across the space charge layer, as shown in figure 7b.
Inserting (4) into (2), one has:

J- -ek•.,,jco.noexp(- e.I/kT). (5)
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According, the cathodic dark current increases exponentially with the potential across
the space-charge layer. The latter can be determined by measurements of the space-
charge capacity, which is given by the Mott-Schottky equation (Memming 1983),

lI/C8
2  (LSr)CII (6)( cto ] T

in which e is the dielectric constant of the semiconductor, Eo the permittivity of the
free space and La..rf the effective Debye length given by

L -..f - [ ((caokT/2noe2 ))tIZ. (7)

Corresponding measurements have been performed with many semiconductor electrodes,
one example (n-GaAs) is given in figure 7a, Since 1/Ct is plotted versus the electrode
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potential Ug, an extrapolation of the curve to 1/C1*0 yields the so-called flatband
potential (U - VUib). Accordingly we have

U., - Us - Ub,. (8)

Using this question, one should predict from (5) that a plot of logj- vs. 0. or U5

should yield a straight line with a slope of 60mV/decade. The rate constant can be
obtained by extrapolating such a curve to the equilibrium or redox potential and
determining it by using (5). The potential across the space charge layer 0o for the
equilibrium case can also be taken from the capacity measurement,

Unfortunately, not many current-potential curves have been evaluated according
to this model. There is one example (n-ZnO) given in the literature where the cathodic
current really increases at 60 mV/decade, at required according to (5). Morrison (1969)
has investigated the current-potential behavior of ZnO in aqueous electrolytes using
various redox systems (electron acceptors), Evaluating these results in terms of rate
constants, one obtains values of k, ,,o 10- 18 cm "s -, depending on the electron
acceptor (Memming 1993). These data are in accordance with theoretical values
obtained by using Marcui (1964) or Gerischer's (1970) theories, Recently, Lewis
(1991) has estimated from these theories a maximum rate constant of k.: = 10-1'
to 10" ~m's- (compare also with (3)). Rate constants of k,, 10'-cm's 1

determined experimentally are reasonable if one inserts values of the reorientation
energy of A - 0-5 to 1.0eV into (3).

However, there are several other current-potential curves published in the literature
where these curves exhibit a slope considerably larger than 60 mV/decade. The origin
is not clear yet. In some cases it may be due to a change of the potential across the
Helmholtz layer because of a change of the surface coverage. For instance, the
Mott-Schottky curve may be different for anodic and cathodic prepolarization, as
shown for n-GaAS in figure 7a. Obviously, here a hydroxyl surface being formed
during anodic prepolarization, is changed into a hydride surface after cathodic
prepolarization (Schr8der and Memming 1985). This leads to a shift of the energy
bands at the surface. Since such a shift also changes the energy distance between
conduction barid (E,) and the standard redox potential (Eo,,k) in the exponent in
(3), the rate constant is also changed. Recently, the kinetics of hydrogen evolution at
n-GaAs electrodes has been studied in more detail by performing impedance spectro-
scopic and current-potential measurements simultaneously. However, protons act
here as electron acceptors (pH 3.5). From impedance spectroscopy analysis the space
charge capacity C. was determined (Uhlendorf 1993). Since there is a fixed relation
between C. and 0. (6), the potential across the space charge capacity could be
determined for all currents. The result, i.e. J- vs. 0,•, is given by the solid line -.
figure 8. Here, the slope of logj- vs. 0 corresponds to 60tnV/decade, as required
by (5). This result is of special interest because the rate con.t°,,t derived from this
curve is of the order of k,,, = 10- 1 cm" s -, i.e. it is 4 to 5 orders of magnitude
higher than the maximum value of k'',Id - 10- 6 to 10-' 7 cm's-' estimated theo-
retically. On the other hand, an excellent fit can be obtained by comparing the
experimental curve with a theoretical J --O,,-curve deilved from the thermionic
emission model, the latter being given by Memming (1987):

/Mf*- t/2.-[AT 2 no) exp- k ,(9
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FIpre.& Current vs. potential across the space charge layer at n-GaAs in H2SO 4 (pH 3):
solid line - experimental data; dashed line - theoretical curve calculated from the thermionic
emission model, (From Uhlendorf rt al 1993).

in which m* is the effective electron mass and m. that in free space, N, the density
of energy states at the lower edge of the conduction band, and A is a constant = 120A
cm-'K- . This equation has been derived originally for semiconductor-metal
junctions on the basis that all electrons reaching the surface are transferred with a
probability of unity, i.e. the current is actually determined by the electron transport
from the bulk to the surface of the semiconductor (see e.g. Sze 1981).

The question arises as to how to explain such a high rate constant. In connection
with this problem it should be mentioned that the analysis of the impedance spectroscopy
measurements is based on a model in which hydrogen atoms are bonded or adsorbed
on the electrode surface (Butler--Vollmer or Heyrovsky mechanism), which cannot
be derived here. Accordingly, an electron transfer between the semiconductor and an
adsorbed electron acceptor is involved, and obviously this is extremely fast, so that
the electron transport in the semiconductor is a limiting step. There are a few other
current-potential curves published in the literature which also indicate an extremely
high rate constant. Examples are the reduction of H20 2 at n-GaAs (Minks et al
1989) and of ferrocene at p-GaAs (Rosenwaks et al 1992). In the latter case (reduction
of ferrocene) the rate constant has been determined by fluorescence decay measurements,
Also these large rate constants can only be interpreted assuming adsorption of the
electron acceptor as also assumed by Nozik (1993),

So far we have discussed only the determination of rate constants for an electron
transfer from the conduction band of an n-type semiconductor to an electron acceptor
in the dark. As illustrated in figure 6, an anodic photocurrent occurs under illumination.
This current is due to a hole transfer from the valence band to an electron donor or
duc to anodic decomposition, In this case, the anodic current is given by

JV+ m ek, ox C,,P,, (10)
with

P, - pL exp(eOy/k T), ( 1)

where PL is the hole density at the inner edge of the space charge, Since holes are
minority carriers in the n-type electrode, PL differs from Pa, and during light excitation
Pl, >> Pc In addition, the photocurrent is entirely determined by the light intensity,
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so that PL or p, are not known. In order to evaluate a rate constant, the anodic
process has to be measured with a p-type electrode of the same material, in which
holes are majority carriers. Since the position of energy bands is usually identical for
n- and p-type electrodes, the same rate constant should be valid for the n-type electrode.
A quantitative evaluation is possible by using the quasi-Fermi level concept, as
described by Reineke and Memming (1992).

Finally it should be mentioned that the slope of 60 mV/decade of a current-potential
curve, as required according to (5), is also obtained when the reaction is diffusion-
controlled (reversible reaction). In this case, the origin of this slope is due to the
Nernst law with respect to concentrations of the components of the redox system at
the surface (Reineke and Memming 1992). Accordingly, the current-voltage behavior
has to be measured and analyzed by using a rotating disc electrode, in order to
distinguish between kinetic and diffusion-controlled reactions (Meissner and
Memming 1992).

4. Conclusions

In the present paper it is shown that, in principle, the same reactions occur at particles
and at extended electrodes, but different factors, such as absorption of light, particle
size effect, adsorption of the electron donor or -acceptor and formation of a space
charge influence the reaction rate. The best way of determining the rate constant is
by the analysis of current-voltage curves.
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Cis-trans photolsomerization of 1,2-diarylethylenes: Effect of charge
transfer interactions

U MAZZUCATO*, G G ALOISI and F ELISEI
Dipartimento di Chimica, UniversitsA di Perugia, 1.06123 Perugia, Italy

Abstract. This paper describes the results of an extensive study of trans--.cis
photoisomerization of various 1,2-diarylethylenes (DAE). The structure effect on the
competitive radiative and reactive deactivations and on the isomerization mechanism
(singlet/triplet, diabatic/adiabatic) is discussed. The effect of charge.transfer (CT) interactions
of DAE with elec,ron donors and acceptors are then presented. Triplet-induced isomerization
is generally the common effect in non-polar solvents, and is particularly efficient when a
heavy atom is involved. Typical examples of CT-induced triplet photoisomerization of DAE
by electron donors and acceptors are liustrated, New results on some fluorescent cis
compounds are also reported. Prevalent radical ion formation in polar solvents is shown
to generally quench isomerization from trans to cis but to induce isomerizalion from cis to
the more stable trans radical ion.

Keywords. Photoisomorization; diarylethylenes; charge-transfer, triplet induction; radical
ions.

1. Introduction

Stilbene analogues, the 1,2-diarylethylenes (DAE), have been the object of deep
investigations during the last decade. Sustained interest in such molecules lies in the
fact that they are simple models for the study of cis-trans photoisomerization around
the ethylenic bond (Saltiel and Charlton 1980: Saltiel and Sun 1990) and of s-cls-s-trans
(photo)isomerization around the quasi-single bond between the aryl and the ethylenic
bridge (Mazzucato and Momicchioli 1991) as well as in the inherent importance of
these processes for applicative research (photography, photochromism, processes of
biological interest such as vision etc.).

Recent studies on photoisomerism of DAE have shown that the excited-state
properties depend to a large extent on the size and nature of the aryl groups linked
to the ethylenic bridge (Bartocci et al 1992; Mazzucato 1982, 1987).

Greater attention has been paid to the trans isomers, where fluorescence,
isomerization to cis in S, (singlet mechanism) and intersystem crossing (ISC)
(eventually followed by isomerization in T,, triplet mechanism) are the competitive
deactivation channels of the S, state. In the parent molecule, stilbene (S), the avoided
crossing between the St(B.) energy curve as a function of the twist angle around the
central double bond (with the energy increasing by twisting towards 90', at the perp
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configuration) and the upper (doubly excited?) S.(A,) curve (with an "ethylenic"
minimum in the perp configuration) leads to the well known and widely accepted
diabatic isomerization mechanism in S,, From the trans side. this pathway involves
an activated Itrans* -. Iperp* twisting towards the energy minimum, followed by
internal conversion to the ground state configuration, 0 perp, and almost 50:50
partitioning to the stable trans and cis isomers (Saltiel and Charlton 1980; Saltiel
and Sun 1990). When a phenyl group (P) of stilbene is replaced by larger polycyclic
aryl groups of gradually decreasing S, and T, energy, such as naphthyl (N),
phenanthryl (Ph), chrysenyl (C), pyrenyl (Py) and anthryl (An) groups, the S, curve
shifts towards lower energies (more in the trans and cis than in the perp geometry)
while the S. curve is less affected by the aryl substitution. Therefore, the S -S.
crossing is no longer possible and a maximum, instead of a minimum, is present at
90" in the S, energy curve. The activation energy to twisting in S, does gradually
increase (Mazzucato 1982, 1987), thus leading to a decrease in the isomerization
quantum yield in S1, ',., and can become insuperable at room temperature. The
competitive processes of fluorescence (possibly accompanied by some internal
conversion) and ISC are then much more favoured, their relative amounts being
determined by the nature of the aryl groups (Bartocci et at 1992). When ISC is
substantial, the triplet mechanism can maintain an overall high isomerization yield,
unless high barriers to 'trans* - -perp* twisting completely inhibit the trans to cis
isomerization, as in the case of the anthryl derivatives ("one-way" isomerization, only
from cis to trans) (Sandros and Becker 1987: Arai et at 1988; Tokumaru and Arai
1992). A suitable choice of the aryl groups linked to the central ethylenic bridge
allows the gradual tuning of the cis-trans photoisomerization from a singlet to a
triplet pathway and finally the inhibition of the reaction in the trans-.+ cs way.

From the cis side, the torsional barriers are always lower compared with those
from the trans side. Therefore, when a maximum instead of a funnel is present at the
Iperp* configuration, a direct adiabatic mechanism (Icis* - 'trans*) can become
operative in both the singlet (Spalletti ct at 1991; Mazzucato et at 1993) and triplet
(Arai et at 1988;.Tokumaru and Arai 1992) manifolds,

The fluorescence of trans-DAE is quenched by charge transfer (CT) interactions
with electron donors (e.g., amines) or acceptors (eg., cyano-aromatics) and exciplex
formation, as evidenced by their typical emission bands, is observed in non-polar
solvents (Aloisi et at 1980, 1988, Aloisi and Elisei 1990; Elisei et at 1992). Singlet-
induced CT interactions may result in) enhanced formation of DAE triplets in
non-polar solvents (Elisei et at 1990; Aloisi et at 1992:, Qdrner et at 1992) and DAE
radical ions in polar solvents (Aloisi et at 1991, 1992; Gbrner et at 1992). The extent
of the quenching, which depends on the nature of the two partners and the solvent,
may then affect both the yield and the mcchanism of photoisomcrization (Aloisi et at
1980; Aloisi and Elisei 1990; Aloisi et al 1988, 1991; Elisci et al 1992).

On the basis of published data obtained from the spectroscopic and photochemical
study of a large series of DAE as well as of some new results recently obtained in
our laboratory, the main features of the structure effect on photoisomerism of DAE
are reported here. The CT interactions of the fluorescent trans isomers and some cis
analogues with electron donors and acceptors will then be discussed to evidence their
effects on the excited state behaviour of DAE.
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2. Experimental

All compounds were synthesized by standard procedures as per previous work.
Fluorimetric, photochemical and flash photolytic measurements were made as
described int previous papers (see Bartocci et at 1987 and Aloisi et a) 1992, and papers
cited therein). Benzene. n-hexane, methylcyclohexane (MCH), chlorobenzene (CB).
ethylacetate (EtAc) and acetonitrile (MeCN) from Carlo Erba (RPE grade) were used
as solvents, tributhylamine (TBA), diethylaniline (DEA), 4-bromo-N,N..dimethylanilinc
(BrDMA) from Fluka AG and potassium iodide from Carlo Erba as electron donors,
and chioranil (Chi) from Fluka AG and dicyanobenzene (DCNB) from EGA-Chemie
as electron acceptors.

3. Results and discussion

3.1 IPhotolsomerization

Figure 1 shows a qualitative sketch (a), based on theoretical and experimental data,
of the torsional potential energy of the S, state of three typical DAE together with
a scheme (b) of the energy levels of the lowest singlet excited state of the DAE and
of their arene ('L., 'Lb) and ethylene ('B.) chromophores (Bartocci et a! 1992).
Perturbation coupling of the excited state localized on the largest arene chromophore

'Lt, b ml F F r

high 10.. I#. (diab.)

large kF, OF, rp *y

- - .. 1' ... O. medium 10,. (adiab.)

A DAIF E

0. 90, 180,

Fissre 1. (a) Sketch of the torsional energy barrier tar the S, state of stijberue (S: singlet
mechanism). styrylniaphithalcnea (SIN: prevalent singlet mechanism at room temperature,
mixed singlet + triplet mechanism at lower temp.eratures) and styrylanthracenci (StAn: no
trans -cis Inomcrization); (hi sketch of the interactions between the lowest excited states
L. and L. at the polycyclic aryl chromophore (A) and the B. state of ethylene (E) to give
the resulting S, state of the trans-DAE (the effect af the relative positions or the energy
levels on the fluorescence rate parameter, quantum yield and lifetime and on the
photoisomerization quantum yields are also indicated).
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(particularly of 'L., which has a higher transition moment) with the 'B1 state of
ethylene gives rise to lowest excited states of different character for the DAE molecules,

When the energy of the arene IL, state is high, not much lower than that of the
lowest excited state 'B. of ethylenic character, the interaction is strong leading to a
mixing of local states with a large contribution of the ethylenic a. n* state to the S,
state of the DAE. A high to,_. and low 0. is expected in this case, ts found for trans-S.

When the energy of IL, decreases markedly (naphthyl, phenanthryl derivatives),
the DAE excitation energy is largely localized in the aryl (prevalent L. character)
and a high torsional barrier in S, leads to a small 'r,.€, However, in some cases,
particularly when the lowest excited state is the arylic 'Lb state (weak So-.S,
transition and low extinction coefficients), ISC can become substantial opening the
triplet pathway to isomerization.

A limiting situation is reached when 'L. (lying in such cases below IL,) is so far
apart from 'B. that the mixing is very weak (SI of aromatic character, as in anthryl
derivatives). The barriers to twisting are high in both S, and T, and no isomerization
occurs from trans to cis but only from cis to trans ("one-way" isomerization, Arai
et at 1988, Tokumaru and Arai 1992). The presence of a maximum, instead of a
minimum, at the 'perp* configuration for the pyrene and anthracene derivatives
causes the activated twisting of 'cis* to directly produce 'trans*, thus favouring an
adiabatic photoisomerization mechanism, as reported for the triplet state (Arai et at
1988; Tokumaru and Arai 1992), particularly in polar solvents where the activation
energy in S, is lowered because of the stabilization of the zwitterionic twisted
configuration (Spalletti et a! 1991, Mazzucato et at 1993).

Figure 2 shows the increase in the fluorescence quantum yield (01,) and the decrease
in the trans.-.cis photoisomerization quantum yield (0,-._) of some styryl-arenes on
increasing the size of the arene and the aromatic character of the S, state of the DAE.
Table I shows how the nature of the largest arene affects the photoisomerization
mechanism (singlet/triplet, diabatic/adiabatic). Stilbene isomerizes with high yield via
a singlet diabatic mechanism (Saltiel and Charlton 1980; Saltiel and Sun 1990). The

1.0 0.6

0.4

0.5 0

0,0 0.0
R " P 1-N 1-Ph 3-C 1-Py 1-An

Figure 2. Effect or the nature and size of the aryl substituent of styrene on the nuorescencc
(0) and trans-cis photoisomerization (t) quantum yields of some DAE.
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Table 1. Fluorescence, triplet and isomerization quantum yields and prevalent
isomerization mechanism for some typical trrcns-DAE in non-polar solvents lit room
temperature.

Compound 01, Or 0., Prevalent mechanism

S& 0-04 <001 0.50 Singlet, diabetic
I -StNb 0-72 0-04 0.16 Singlet, diabetic
l.StPhl 0-61 0-18 0,14 Triplet, diabetic
2-St Pht 0ý35 < 001 0-24 Upper triplet. diabetic
9-StPhe 0-67 0-32 0,13 Mixed, diabetic
1-SiPY4 &94 < 003 < 002 Only cis -trans: singlet, adiabatic
9-StAn' 04.4 032 - Only cis - trans- mixed, adiabatic

References: I Saltiel and Charlton (1980);"b Elisci et at (1989). 1Aloisl and Elisei (1990); Elisci
ti at (1990). d artooci er at (1992),

n-styrylnaphthalenes (n.StNs) (Bartocci et a/ 1984; Elisci e't at 1989) have a prevalent
radiative deactivation of S,: they isomerize by the same mechanism as S above room
temperature but follow a prevalent triplet pathway below 270 K (or at slightly lower
temperatures in polar solvents), The n-st yrylphenan thrones (n-StPhs) (Bartocci et a/i
1987) follow a mixed singlet/triplet mechanism already at room ti~mperature due to
higher torsional barriers in S, and larger triplet yields. In some cases (e.g., in 2-St Ph),
upper S. or T. states of ethylenic character may play a role in the isomerization
favouring a fast twisting which by-passes the lowest excited states (Elisoi el at 1990,
Aloisi et al 1991a). In fact, 2-StPh has a high torsional barrier in S, and a 0~,~ value
as large as 0-24 which would indicate that at least -50%~ of the excited molecules
deactivate through a trans -" perp twisting in the triplet manifold. However, T, cannot
be an intermediate since its yield is smaller than 0-01. Therefore, one could think of
an isomerizable upper T. state, almost isoenergetic with St. In fact, at low temperatures.
when twisting in T. is slowed down by the viscosity barrier, the population of T,
increases substantially by T. -~ T, internal conversion and the lowest excited triplet
state becomes readily detectable. A similar mechanism was hypothesized for the
isomerization of 4-halogenated stilbenes (Gibrner and Schulte- Frohlinde 1979). In any
case, the presence of a shallow minimum in the tperp* configuration of StPhs still
seems to favour the diabatic mechanism. Practically, the I-styrylpyrone (StPy) and
ni-styrylanthrocenes (StAns) do not isomerize from trans to cis because of very high
torsional barriers in both S, and T,. They follow a mixed (singlet/triplet) mechanism
from cis, to trans with a prevalent adiabatic character.

In conclusion, the singlet mechanism is favoured at high tenmperatures and in polar
solvents-, the adiabatic mechanism is favoured in the presence of a maximum at the
t.3 perp* configurations, particularly in polar solvents where the activation energy is
smaller.

3.2 Effect of CT Interactions on trans -+ cis photolsomerization

The trans -~ cis isomerization quantum yield (0,_, in the presence of the fluorescence
quencher Q is the sum of two contributions, by the monomer (non-complexed)
molecules (Oc,4) and by those which react through the exciplex, (Op) When [Q] -+ "
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the fluoresoenc¢ and photoisomerization quantum yields of the exciplex reach their
.Olin and ,•llm respectively,

limiting values, ",-Fs vce,
Often, the overall photoisomerization is less quenched than fluorescence or even

enhanced by addition of electron donors or accepters since CT-induced ISC can lead
to isome;rization in the triplet manifold. In fact, since both $1 and Tt are potentially
reactive states (the actual reactivity depending on their torsional barriers), the expected
effect is generally modest. Since the querrb;ng efficiency of the singlet-excited trans-
DAE by electron donors or acceptors d•.•nds on the redox potential o1" the two
partners, a suitable choice of the additive is required for an efficient CT-induced
photoisomerization, based on the following criteria: high quenching rate constant
ko, low yields of both the radiative decay (•F,.) and the internal conversion to the
ground state (•o,•) and high ISC yield (•T•) of the exciplex so as to induce a substantial
population of the reactive triplet state of the olefin,

Figure 3 shows, as an example, the decreasing of fluorescence intensity of 9-StPh
together with the parallel increase of the triplet and isomerization yields in the case
of the interaction with DEA as donor in n-hexane. Table 2 shows some typical cases

•T

if

O.O 0,1 11.2

IDEA! /M

Film 3. EITe¢I or DEA €onGentration on the quantum yields of fluorescence (squares),
photoigomertzation (triangles) and triplet (circles) for traas.9.StPh/DEA in a.hexane.

Tal• g LimRinl ([Q]-.ao| fluore•en• llnd trams.-.cls photoigomerizatlon quantum
yields of some t).pl•l DAE in the presence or three amines at, donors in n.hexane and
DCNB as ao",eptor in benzene.

DAE ¢:• 0,., TBA DEA BrDMA DCNB TBA DEA flrDM/, DCNB

2-SIN 0.65' 0.12' 0.17' 0.72b 0'19" 0.1,3" 012• 0.26'
l.StPhd 0.61 0.14 0.1t) 0.36 •0.01 0.10 0.20 0.44
9-StPh 0,6"/d 0"|3d O'['}d 0"57d gO'eld 0'37¢ 0"I1d 0"10d 0'28d 0'24•
2,3'.NPE 0.6"/" 0-15' 0'03' 0"24' 04)9' 0.34'

References: ' Alobi et al (1980); 1, Aloisi et al (1977); * Aloid et al (1991b); d Aloisi and Elisei 11990). '•
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of the limiting ([Q] -- o) quantum yields of radiative and reactive deactivation of
the exciplexes with three amine donors and one acceptor in non-polar solvents,
Chromatographic control showed that the formation of photoproducts different from
the cis isomers, as observed for the S/amine systems (Lewis 1979; Lewis and Simpson
1979: Lewis et al 1992), is generally negligible in our experimental conditions. Perusal
of table 2 shows that substantial isomerization is induced by DCNB in benzene where
higher triplet yields were measured even if accompanied by substantial yields of
radiative decay of the exciplex. On the other hand, radiative decay is the prevalent
deactivation pathway of the exciplex with DEA and internal conversion is the
prevalent one with the less efficient TBA quencher. For the exciplex of 9-StPh,
quenching rate constants, k., of 9.2 and 3.4 (10' M' s- were obtained with DEA
and TBA, respectively. As expected, larger induction was obtained with BrDMA.
Inclusion of a heavy atom in the solvent or, even better, in one of the two partners
increases the isomerization yield because the spin-orbit coupling controlled by the
exciplex produces the isomerizable T, state. In this case OR: is very low (smaller than
0.01) but enough to demonstrate the existence of the complex and then of a CT-assisted
spin-orbit coupling effect.

The data above altow some conclusions to be drawn about the CT effect on the
photoisomerization of trars-DAE in non-polar solvents. When both the lowest excited
states of the olefin can be effectually reactive (as in S and many other DAE) or non-
reactive (as in n-StAns), the effect of the CT interaction is expected to be zero or very
small (both positive and negative), the quenching of S1 being generally more or less
compensated by a recovery of quanta in T,. A typical case is offered by DAE with
small 0,,, and 0, and high 0, values (as for n-StNs): the quenching can be
accompanied here by a gain of reactivity in T1, as observed in table 2 for the effect
of DCNB on the two DAE bearing a naphthyl group. When, as in the pyrenyl
derivative, only T, is reactive (because of a high torsional barrier in S,) but the triplet
yield is very small (because of the competitive fluorescence), the addition of Q can
again enhance the q5,_, values through induced ISC.

In polar solvents, such as MeCN, non-emitting CT complexes are formed (Aloisi
et al 1991a, 1992; Gcirner ct at 1992). They induce little ISC since the concomitant
formation of trans radical ions (generally non-isomerizable) prevails. A parallel
increase was generally found both in the absorbance change of the radical ion and
the conductivity signal (Aloisi et a! 1991a). The photoreaction yield increases slightly
in some cases (e.g. with DCNB as acceptor) probably because the radical
recombination can lead, at least in part, to formation of the isomerizable triplet state.
In any case, the fluorescence quenching by amines was always accompanied by a
decrease in the isomerization yield. For example, in the case of I-StPh/DEA, the

'cEIo value was halved (0.07); however, no triplet transient was observed, since T,
produced by charge recombination is shorter-lived compared with the radical anion.
In some experiments, the radical Lwtions of the olefin were sensitized by irradiation
of chloranil, a well-known electron acceptor in the triplet state. Figure 4 refers to
the system i-StPy/Chl in MeCN after irradiation of the acceptor at 308 nm. It shows
the spectra of the triplet state of the acceptor (r= 510 nm) and its radical anion
(450 nm) and of the DAE radical cation (590 nm) together with the decay kinetics of
the first and last transients. The triplet state of Chi was formed within the laser pulse
while the DAE radical reached its maximum AA after 0.6 ps and decayed with a
lifetime of 2.5 js.
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Flpre 4. Time-resolved absorption spectra of the trans.t.StPy/Chl system in MeCN
recorded 0-2(------) and 1 ( .... ) pa after the lsser pulse (2. 308 nm). Inset: decay kinetics
at 50(--0) and 590(.) 7m.

An interesting case is presented by azastilbenes, and particularly by I-(n-pyridyl),
2-(n'-pyridyl)ethylenes (n, n'-DPE), where the photoreaction is inhibited by the high
efficiency of the S --,So internal conversion to the ground state induced by the
low-lying n, n* states introduced by the heteroatom. Here, the quenching effect is
expected to reduce the internal conversion in favour of reactive deactivation pathways
through the complex. However, preliminary experiments indicate that the situation
is complicated by formation af by-products. In any case, the S, lifetime of DPE is
very short, so that high concentrations are needed in order to induce complexation
and then isomerization.

An important heavy atom effect was found on using halide anions as quenchers
of some [DAE and their aza-analogues, the latter in both neutral and protonated
forms. Some typical examples showing an important induction of isomerization are
reported in table 3. Particularly interesting is the huge increase in reactivity for the
two last protonated substrates. Nanosecond laser flash photolysis measurements were
carried out to investigate the transients formed by the interaction of iodide anions
with some singlet excited n-StPhs. No sign of radical anions of the DAE was found
but only a substantial production of their T, states. Figure 5 shows the T, --+ T.
spectrum of I-StPh ( =,, 460nm) obtained in the presence of KI -,0.2 M in
MeCN/H 2 0 (1/1, v/v) together with the enhancement of the triplet population by
increasing the KI concentration (inset). The question of the relative importance of
the CT and heavy atom effects on the quenching by halide anions has never received
a convincing answer (Watkins 1973, 1.). The heavy atom effect probably operates
in conjunction with association pien- :mna, particularly in the case of the charged
olefins. In agreement with what was ieported for the quaternary salts of DPE
(Gutierrez and Whitten 1976), we believe that the actual quenching is controlled by
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Table 3. Limiting trans -. ci photoisomerization
quantum yields of some DAF, their neutral and
protonated aza-analogues induced by iodide
anions in polar solvents, compared with the
intrinsic values in the absence of additives.

Compound r,-' a

2-StN' 0-19 0.48
3-StPhb 0.13 0.43
9-StPhb 0.29 0.40
3-StP 0-44 0'52
2.3'-NPEI 0-14 0"38
3-StPH *' 0.27 0.25
4'-OCH 3-3-StPH 0.0006 0.36
3.3-DPEHI*2 " 0.045 0.50'

I In water-acetonitrile 60:40, (Mazzucato et at
1982); b in water-acetonitrile 50:50. this work;
in water-ethanol 90:10 (Bartocci et al 1976/77)k

quencher: bromine anion.

AA

0.1 I

0.0 0.1 0.0 0.0

[1"1 /M

0.0 0

I l ' i .

350 450 550 650
S/nm

Figure . Triplet-triplet absorption spectrum of trans-l-StPh in MeCN/H 20 (I/I, v/v) in
the presence of 0M M KI recorded 60no after the later pulse (A.,, - 308 nm). Inset: effect or
iodide concentration on the absorbance change at 46Onm.

the electron donor-acceptor interaction while the heavy atom makes the triplet
formation of the ulefin fast enough to dominate all other paths of exciplex decay.

3.3 Effect of C T interactions on cis--+ trans photoisomerization

The quenching of the cis-DAE by donor-acceptor interactions has been little
investigated thus far since these isomers are generally non-fluorescent due to their
fast (small barriers) isomerization to trans or to polycyclic compounds (dihydrophenan-
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threne in the case of S) and the consequent very short S, lifetime. Since photocyclization
is a competitive singlet reaction, CT-induced formation of the triplet state can favour
the cis -. trans isomerization (particularly for the naphthyl and phenanthryl derivatives
which are characterized by substantial cyclization yields). When a maximum is present
in tperp*, the 'cis* lifetime increases; as mentioned earlier, the twisting becomes more
or less activated and leads directly to 'trans* by an adiabatic mechanism (Sandros
and Becker 1987; Spalletti et al 1991; Mazzucato et al 1993). In such cases, e.g. for
the cis isomer of 9-StAn, the CT-induced fluorescence quenching can be measured
thus obtaining more quantitative information about the CT interactions. Figure 6
shows the fluorescence spectra of cis-9-StAn quenched by DEA with a Stern-Volmer
constant (K. = k r,,) of 3'2 and 8 M- I in MCH (a) and CB (b), respectively. The
increase of the fluorescence band of the exciplex is clearly observable in both solvents,
particularly in the more polar CB where the emission is weaker but redshifted.

The CT interactions of the cis-DAE in polar solvents open a new way to iso-
merization since their radical ions can thermally convert to the more stable trans

| I

0

, ,

,4 0o 02 04 o.6

SIJDEAl IM

400o 500 Goo 700
X Int

Figure 6. Fluorescence spectra of the cis-9-StAn/DEA system is) in MCH without (1) and
in the presence of 0-026 (2), 0"13 (3). 0'25 (4) and 0-48 (5) MIDEA (,A...- 370Onm) [inset:
Stern-Volmer plot obtained from the fluorescence intensities recorded at 420nm] and (b)
in CB without (1) and in the presence ol'0.0164 (2). 0.0492 (3), 0.082 (4), 0-13 {5), 0.26 (6) and
0-50 (7) M IDEA (,A_, - 37Ohm} [inset: Stern-Volmer plot obtained from the fluorescence
intensities recorded at 470 nmi.
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Figure 7, Transient absorption spectrum of the 's-.l-StPy/Chl system in MeCN recorded
0.6 s after the laser pulw.e tA., - 308 nm). Inset: decay kinetics at 510(---) and 580( ...... ) nm.

radical ions, thus contributing to the overall photoreaction quantum yield. For the
cis isomers investigated here (l-StPh, 9-StPh and l-StPy), laser irradiation of
cis-DAE/Chl produced the radical cation in the trans configuration (as indicated by
comparison with the transients obtained after direct sensitization of the trans isomers
and by its mono-exponential decay) due to the fast cis'+ -.*trans + twisting, Such
behaviour is different from that found for cis-stilbene in the presence of Chi and
reported with different acceptors by other authors (Lewis et a! 1985; Tokumaru et ai
1991; Kuriyama et al 1992), which showed biexponential decay assigned to the cis" +
(shorter-lived) and trans + (longer-lived) contributions, This difference can be due to
a smaller barrier to twisting for the radical cations of the present compounds. A
study of the temperature effect is in progress to confirm such hypothesis, Figure 7
shows an example for the system cis-l-StPy/Chl in MeCN, The transient spectrum
at room temperature was assigned to the radical cation in the trans configuration
(see figure 4) formed after 3Chl sensitization of the cis cation. The trans" absorption
was found to increase by addition of LiCIO 4 and by increasing the cis concentration
(chain mechanism) as reported for cis.stilbene (Lewis et at 1985). Such effects indicate
that the alkali metal cation protects the olefin radical cation from recombination
with the acceptor radical anion (back transfer)(Lewis et at 1985) or with the superoxide
anion (formed by Chi- + 02) (Kuriyama et at 1992; Tokumaru et at 1991).
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Photo-induced charge separation by ruthenium (11) photosensitizers

HAI SUN and MORTON Z HOFFMAN*
Department of Chemistry, Boston University, Boston. MA 02215, USA

Abstract. The values of the cage escape yields or redox products (q,,) were determined for
the reductive quenching of the excited states or homo. and heteroleptic complexes of Ru(ll)
and 2,2'-bipyridine (bpy), 2.2'.bipyrimidine (bpm), and 2,2'-hipyrnzine (bpz} by
triethanolamine (TEOA) as a sacrificial reductive quencher in aqueous, acetrnitrile, and
propylene carbonate solutions, In aqueous solution, q,, varies with the standard reduction
potential (E0) of the complex, describing a weak dependence. The values of nc,. are independent
ofr E in propylene carbonate, but exhibit an inverted dependence in acetonitrile: the values
of n,. in acetonitrile are generally higher than those in aqueous and propylenc carbonate
solutions, due to the higher diffusional rate constant for cage escape of the redox geminate
pair in acetonitrile. The variable dependencies of j, in the different solvents on the driving
force of back electron transfer require that the conventional model be modified to account
for the reorientation of the geminate pair within the solvent cage.

Keywords. Charge separation; photochemistry; ruthenium(II) complexes; photosensitizers;
electron transfer.

I. Introduction

The yield of redox products (1,,) released into bulk solution upon electron-transfer
quenching is the critical parameter governing the efficacy of a redox photosensitizer;
Ru(Il) complexes are among the most popular and effective photosensitizers. In the
simplest model (1)-(3) below, the quenching reaction can be visualized as occurring
via the formation of a geminate redox pair within a solvent cage as a result of the
transfer of one electron, with n,, a measure of the competition between back electron
transfer (k,,) and diffusional escape of the redox products (k,,) (Balzani and Scandola
1983). According to this model, the experimental determination of ",., the calculation
of k,, from (4) and (5) below, and the application of the equations that describe the
diffusion of species in fluid solution permit the dependence of energetics and solution
medium on kb, to be evaluated. If, in a series of plotosensitizer-quencher pairs, k,.
and the parameters that affect kb5 , except AG',, can be kept constant, the variation
of n,, would be dependent only on the variation of the exoergicity of the back clectron
transfer reaction.

M* + Q..-+ [A4 .. Q -, (1)
[M-1".Q~-] - M + Q. kb,, (2)

[M-'*...Q"'-]--M-'+ +Q÷'-. kc, (3)

"For correspondence

487



488 Hai Sun and Worton Z Hoffman

ko (4)

k, --

The back electron-transfer reaction of the geminate redox pair within the solvent
cage is a subset of the general phenomenon of intramolecular electron transfer, for
which many examples of well-defined dependencies of k., on the reaction driving force
in accord with Marcus' theory are now in the literature. Recently, Yonemoto er at
(1992) reported on the values of ko, for the forward electron transfer between the
MLCT excited state of Ru(II) and covalently bound viologen acceptors, and the back
electron transfer between the Ru(lIl) center and the reduced viologen radical; the
dependence on AG' of the reactions traversed the "normal" and "inverted" Marcus
regions. However, when the viologens are uncoupled from the complex and act as
bimolecular quenchers, the plot of In(./; - I -) vs AGO is very s •attered and does not
show any evident correlation. A very weak (or no) correlation of In.'-- - I) vs AG°,
was also obtained for the oxidative quenching of the excited states of nine Ru(ll)
complexes by methylviologen (4,4'-dimethylpyridinium dication; MV2 + ) (Ohno et al
1991) as well as no evident dependency for the reductive quenching of a derivative
of *Ru(bpy)2 +(bpy - 2,2'-bipyridine) by aromatic amines (Ohno et al 1993). On the
other hand, Ohno et al (1986, 1987, 1989, 1990) obtained very dramatic "bell-shaped"
curves for the quenching of the excited states of Ru(II) complexes by aromatic amines
and methoxybenzenes. These conflicting results suggest the need to investigate further
the validity of the simple model.

In this work, values of it,, for the reductive quenching of the excited states of a
series of Ru(II) complexes that contain bpy, bpm (2,2'-bipyrimidine) and bpz
(2,2'-bipyrazine) ligands by TEOA (triethanolamine) were determined in aqueous,
acetonitrile and propylene carbonate solution. In this way, a common quencher is
used and the complexes all have the same size. shape, and charge: the use of the
different solvents permits a variation in viscosity and dielectric constant, which will
affect the value-of kr, in a systcmatic way.

2. Experimental

The Ru(ll) complexes (RuL2 ) were from our laboratory supply; their structures and
abbreviations are shown in figure 1. atid their photophysical and electrochemical
properties are given in table 1. Methylviologen dichloride (Aldrich) was converted
to the PF, salt and was recrystallized three times from water, TEOA (Fluka) and
propylene carbonate (Fluka) were fractionally distilled thrice. Acetonitrile (Aldrich
Optima) was used withou further purification. Distilled water was further purified
by passage through a Millipore purification train. All quencher solutions were freshly
prepared prior to use. The pH values of the solutions were set at 10,0 with the use
of I-3mM borax buffer.

Solutions contained 50AM Ru(I|), 2-7mM MV 2 *, and up to 0,6 M TE0A. The
excitation wavelength for the continuous photolysis was chosen as the absorption
maximum of the 400-nm charge transfer band for each complex under examination.

.....
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bpy a 2.2'-bipyridine bpz , 2,2'-bipyrazlne

bpm a 2,2'-bipyrimidine

Ru(bpy) 3 ÷ Ru(bpm) 3 ÷ Ru(bpz)1
2-

yyy mmm zil

Ru(bpy)2(bpm)
2' Ru(bpy)2(bpz)

2+ Ru(bpm) 2(bpy) 2+

yym yyz mmy

Ru(bpm) 2(bpz)2  Ru(bpz) 2(bpy)• .Ru(bpz) 2(bpm) 2
"

mmz ZZY IZm

Ru(bpm)(bpz)(bpy) 2
+

may

Fl~lwe 1. Structures of and notations for the Ru(11) photosenitizers used in this study.

The concentration of the reduced methylviologen radical cation (MV ' ) was evaluated
from its absorbance at 605 nm by taking P60 = 1.37 x 10' M cm (Watanabe and
Honda 1982).

The continuous photolysis experiments were performed using a Bausch & Lomb
high-intensity monochromator in conjunction with a 100W quartz-halogen lamp.
the light intensity was monitored by an associated photon counter that was calibrated
by potassium ferrioxalate actinometry. In a typical experiment, 4 ml of Ar-purged

Table I. Photophysical and electrochemical properties of
Ru(Il) photosensitizers in aqueous solution.

A.. t E"(2+/+) E°(02+/+)
Complex (nm) (1AS) iV)' (VM'

uz 602 0-94 - 050 1,68
?zm 613 0.71 -055 1,63
mmz 634 0-52 -0.61 1,43
Zy 640 0.40 -0,63 1,44
mzy 666 0-22 -0-67 1,33
zyy 695 0092 -0.77 116
mmin 622 0.077 -0.73 1.34
mmy 660 0044 -0"77 1'28
myy 680 &014 -0'83 1.15
yyy 610 0060 - 122 0-93

'D'Angelantonio et al (1991)
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MV2 RuL2
-. 'RuL • TEOA p....-.. . M

hu

Flgure 2. Reaction scheme ror the RuL
2 

'(fEOA!MV
2 

system.

and magnetically stirred solution was contained in a sealed I x I cm spcctrofluorimeter
cuvette.

3. Results and discussion

3.1 Cage escape yields

The mechanism for the quenching of *RuLI ' by TEOA in the presence of MV"
can be expressed by (6)-(l 1) below, where TEOAo is the cation radical produced
as a result of the one-electron oxidation of TEOA, and TEOA;,, is the reducing
radical derived from the irreversible transformation of TEOA0".

RuLI* + *RuL 2 +, 1,, (6)

•RuL 2" -- RuL 2" + hv', k4), (7)

*RuL"+ + TEOA -- RuL+' + TEOAo, kq, (8)

TEOA + TEOA.:"- TEOA;,d + TEOA + H +, k,,, (9)

RuL+' + MV' -.+MV÷ + RuL 2+, k,.d, (10)

TEOA;., + MV 2 + .MV + products. k,,d.. (11)

The generation of the lowest energy luminescent excited state with an efficiency of
I via (6) is followed by quenching (8), in competition with the natural decay of

•RuL'+ (7), forming RuL+' and TEOA+' in bulk solution. TEOA*" undergoes
transformation (9) (k,, - 3.3 x 10' M s -) (Chan et al 1981), converting the
oxidative species to a reductive one (TEOA,.d). Both RuL" and TEOA',d reduce
MVI+ to MV4 ' (10) and (11) with rate constants in the order of l0-10€ M'- 9 s-51
(D'Angelantonio et al 1991). The reaction scheme is given in figure 2.

The efficiency of the quenching reaction, tq, is the result of the competition between
the natural decay (7) and the electron transfer quenching (8) of the excited states,
and can be expressed as (12) below. The efficiency of (8) with regard to the escape of
the redox pair from the solvent cage. in which they were generated by the quenching
interaction, into the bulk solution is given by (4). The quantum yield of MV"
formation for the system upon continuous photolysis is given in (13) below.

k,[D] (12)
ko + k,[D]'

(D(MV 4' 1 2q, #1,. (13)
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The excited states of six complexes (zzz, mmz, zzy, zzm, mzy, mmm) in aqueous
solution and all but Ru(bpy)l + in acetonitrile and propylene carbonate were quenched
by TEOA; the values of N(MV*') were determined in all three solvents. As predicted
by (13), plots of 0(MV÷') vs 1. were, indeed, all linear, and the values of n,, were
obtained from such plots; examples of the plots are given in figure 3. Taking
EO(TEOA:,/TEOA)-0084V (Sun and Hoffman 1993), the standard free energy
change for the back electron-transfer between RuL+ and TEOA:;(AG°) can be

l.0-

0.5-

1.0-

0.0 0.2 0.4 0.6 O18 1.0

Figure 3. Plots of qD(MV* ')vs q for RuL' *t'l'EOAiMV•' systems in acetonitrile:.
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estimated from the excited state reduction potentials (table I) (D'Angelantonio et "I
1991). Plots of j, vs A6GO are given in figure 4. The data in propylene carbonate
show no dependence of q, on AGO. In aqueous solution. n, increases as AGO, becomes
more negative, suggesting that kb, decreases as the reaction driving force is increased,
which is "inverted" Marcus behavior. However, the data in acetonitrile show the
opposite dependence of q, on AG' to that obtained in aqueous solution, although
the variation of q,, is smaller. Overall, the dependencies of q, on AGO are rather
weak, especially for propylene carbonate and acetonitrile solutions; the values of ',,
in the different solvents reflect the variation of solution medium parameters.
especially the viscosity.

The weak dependencies of q, on AGO1 observed in this work (and in other studies)
are in sharp contrast to the predicted bell-shaped curves, and those reported earlier.
suggesting that the kinetic events within the solvent cage may be very different from
that of the simple model for those systems.

3,2 Solvent cage models

The observation of unpredicted dependencies of n., on AG" indicates that the cage
events may be more complicated than those described by (I)- (3), Before modifications
are made to the model, it should be noted that in the reductive quenching of the
MLCT excited state of Ru(ll) complexes, which can be described as possessing a
one-electron reduced ligand coordinated to a Ru(lil) center ([Ru"l'L --]2. ). different
orbitals in the complex are involved in the quenching reaction and back electron-
transfer reaction within the cage. The electron-rich quencher might approach the
excited complex at a side opposite to the reduced ligand. and transfer its electron
into the t2, orbital of the metal center. However, back electron-transfer occurs between
the reduced ligand and the oxidized quencher, they are well separated, and are in a
sterically unfavorable position for rapid transfer unless the geminate pair undergoes
reorientation to permit the establishment of overlap (or coupling) between the donating
and accepting orbitals (figure 5). Similarly. for the oxidative quenching of the MLCT

cwto'u ini-t RUs
7 1

e

excteNd hAte

(D(6
gmud mate

Figur 5 Schematic diagram of the reductive quenching of *Ru(lt) complexes by an electron
donor and the subsequent reorientation and back electron-transfer reactions.
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Figure 6. Schematic diagram of the oxidative quenching of 'Rutll) complexes by an eleviron
acceptor and the subsequent reorientation and back electron-transfer reactions.

excited state of Ru(It) complexes, the quencher might approach the electron-rich
reduced ligand of the excited state and accept the electron from its n* orbital in the
quenching act, and then donate the electron to the metal center d orbital in the back
transfer process. A reorientation process may be needed to reposition the redox pair
and allow the establishment of the orbital overlapping (or coupling) between the two
donating and accepting orbitals (figure 6).

We wish to propose a modification to the cage model in order to account for the
increasing body of evidence that values of n, in bimolecular quenching reactions
involving Ru(il) sensitizers are weakly dependent, if at all, on AG",. In this new model,
[M " ... Q 1" -I and [M " ... Q ÷" J- represent the solvent cage before and after
the reorientation processes, respectively, k,,o is the rate constant for reorientation,
and k', is the back electron-transfer rate constant after the reorientation has occurred.
By applying the steady-state approximation to [M'" ...Q'-'2, (14) and (15) are
obtained.

"M .Q •........• [M -, ... Q .,- ], k1 M -,1+ Q+ /I--

M+Q-"--- \-k...Q+ k-]

k, .(k; + k,..+ ... . ~
(k;, + k,)(k,, + k,.. + kb,)'

I kbk'r- btcI -~ ~.J (15)
nee, kE(k'b, + k, + k,..)

There are two limiting cases for which (14) and (15) can be simplified. If k,,, << k«.
and kro << k,,, (15) reduces to (5); the previous model can be viewed as a limiting case
in which the reorientation process is very slow compared to back electron-transfer
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and cage escape. If, on the other hand, the back transfer in [M-] ""Q+-i is very
slow due to an unfavorable orientation of the reacting species (kb, << k,,. and kb, << k,,),
and the back transfer in CM- -*...Q 'I- ]2 is faster than cage escape (k,, >> k,,), (15)
is reduced to (16) below, q, becomes a measure of the competition between the cage
escape and reorientation processes. Thus, the observed weak or negligible dependencies
of q,, on AGI, can be viewed as representing this limiting case, since k,,o is not expected
to be dependent on the driving force of the back electron-transfer reaction.

(I /q,,) - I = k,u/k,,. (16)

For intermediate cases. (14) and (15) would be operative, resulting in a range of
observed dependencies of n,, on AG', that are functions of the magnitudes of the
rate constants of the mechanistic steps. Of course, the reorientation process, like cage
escape and back electron-transfer, will be dependent on the solvent and the counter
ions within the cage. The various rate constants are likely to have different activation
parameters, resulting in further changes in the functional relationships bctween q,
and AG`, with changes in temperature. The challenge for the future is to discover the
molecular features that control the values of the rate constants in order to be capable
of fine-tuning the efficiency of photoinduced charge separation in excited state quenching
reactions.
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Photoinduced ET and back-ET in bimetallated compounds of

K NOZAKI. A YOSHIMURA and T OHNO*
Chemaistry Department. College of General Educ'stion. Osaka University. Toyonaka. Osaka
560, Japan

Abstract. Intramolecular electron transfer processes in bimetaallated donor-acceptor
compounds have becn investigatud by means or laser photolysis kinetic spectroscopy. An
excited Ru( II -mnoiety of donor-aicceptor compounds undergoes intransolecular electron.
transfer to cither a riiodium(Ill) ion L- a cobaittIll) ion, followed by back-electrvit transfer.
an Arrhenius plot of the electron-transfer-rate gave a straight linc of inteictept (frequency
factor) and slope (activation energy) for the photoinduced electron transfers and the back
clectron tran-,.rs. A common and large frequency factor observed for Ru(ll)-Rhllll)
compounds is accco nted for in terms of solvent-relaxation dynamics. The activation energy
ohser"ved consists of outersphere rearrangement atnergy depending on the metal ion-metal
ion distance. vor the photoinduced electron transfers and subsequent back-electron transfers
in the Ru(Ii)-CotlII) compoL.1dS. th.- elejtron-transfer-rates arc. reduced because of weak
electronic oul03ing, large rea-rangemen. energy and negative entropy change.

Keywords. Donor-accepitor linked compound; electron transfer; nuclear tunnelling,
temperature-depenide tce of ET rate: rearrangement energy.

1. Introduction

Elctron transfer (ET) is one of the chemical reactions that have been most inttensively
ir~vestigated. The reaction rate of ET is given in (1) below for nonadiabatic ET by
assutming no chartge of fotce constants between the initial and final states (Kestner
ei ,/ 1974, Ulsttup a~nd Jortner 19*75). Equation (1) indicates that the rate depends
on many faLtors, electronitc coupling (I1,~), energy gap between the reactant and the
product (A G'), rearrangement energy inv'olved in ET (A) v~bronic coupling strength
(S). arid angular vibrational f7-eq aency of the product (CO).

k = ThH,P2  (e -Ss") (~(AG + A + nhw) 2 ~ I

h(4irkBTA) t' , i 4).kT ,

k ý 2 rl ,12 exp t - ( A- 2 (2

h4A{4.k5 T)L' -4A,1 7' /

In kT "' = InA - (Ea/k8 T), (3al

A = 2rH,]1h4kA"]0b

E. (AGO + VA)2 (4,lk T). (3c)

*For correspondence
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When the energy gap is much smaller than the rearrangemen t energy, nuclear
tunnelling followed by vibrational excitation of the product can be neglected and the
rate formula is close to (2) presented by Marcus earlier (1956, 1965). which is recast
to a more simple form (3). A is the frequency factor which depends on nuclear
frequency and electronic coupling. Ea is the apparent activation energy depending
on energy gap and rearrangement energy. This paper is devoted to the understanding
of both A and Eo, which could be obtained from the temperature-dependence of rates
of intramolecular ET in donor-acceptor linked compounds.

When the energy gap between initial and final states is so small that no vibrational
excitation of the product occurs, decrease in temperature reduces the rate of ET to
a large extent. The temperature-dependence of the ET rate allows us to estimate the
frequency factor and the activation energy separately.

However, if the force constantq of the final state differ from those of the initial
state, rearrangement of the inner-coordination shell of the final state gives rise to
rearrangement energy and entropy change. The entropy change accompanied by a
change of vibrational state density enhances or reduces the frequency factor depending
on a positive or negative value of the entropy change, because a term of exp[AS*/kn]
appears as a factor in A. It may make the frequency factor hard to interpret without
estimation of AS*.

When a high frequency vibrational mode of the product is coupled with ET, the
ET rate is weakly dependent on both temperature and energy gap in a high energy-gap
region (Lian5 et a! 1990; Bixon and Jortner 1991). Only when nuclear tunnelling
followed by vibrational excitation in a highly exergonic ET does not occur because
of no vibraticnal overlap between the reactant and the product, the rate of ET might
be dependent on temperature.

2. Estimation of rearrangement energy and bridging ligand mediated electronic coupling

(Ohno et of 1992) Samples studied in this research on photoinduced ET are -donor
acceptor linkej compounds. Two kinds of metal ions as donors and acceptors are
linked by a bridging ligand containing a bipj,,nyl moiety, benzene moiety, or

H
0 N 14N
_ N _ C M >,, , , ' IND/-- N = "N I &"a • ,

H I
Lo-benzene-LH

n=-2 L, -etlhane--L.La biphenyi-L =:3 L, -propane-L,

:1L, -pentane-L,

L6 -blp.•enyi-La

Figure 1. Bridging liiands and abhrtviations.
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methylene chain as a spacer. The general formula of the sample compounds is
[(bpy)2 Ru(L-spacer-L)M(bpy) 2j5+ shown in figure 1, where bpy denotes
2,2'-bipyridine, L denotes a bidentate coordinating group of 2-(2'-pyridyl)imidazole,
M denotes ruthenium, rhodium or cobalt. Intramolecular bonds and size of a spacer
controls electronic coupling (Larsson 1981, 1984) and rearrangement energy
(Brunschwig et at 1984; Isied et at 1988).

Photoexcitation of a Ru(il)-Rh(IID compound produces either an excited Ru(II)
or an excited Rh(III) which undergoes ET to generate a charge-shifted state of
Ru(IiI)-Rh(II) in which a back-ET from Rh(II) to Ru(III) subsequently takes place.
It is known that redox processes of both ruthenium and rhodium compounds take
place with small changes of the metal-ligand bond and intra-ligand bonds (Creutz
et a) 1982; Sutin and Creutz 1983). In other words, innersphere-rearrangement energy
is negligibly small for ET processes of ruthenium and rhodium compounds.

An intramolecular ET within an M (1)-M (II) compound accompanies reorientation
of solvent molecules to a charge-shifted state of M(Ill)-M(II). Charge-transfer
photoexcitation of an Ru(11)-moiety causes a small amount o; solvent reorientation
around the excited Ru(II)-Rh(III) compound. An electron transfer from the
Ru(lI)-moiety to the Rh(ITI)-moiety is followed by rearrangement of solvent molecules
surrounding the Ru(II)-Rh(III). Otherwise, the electron on the Rh-moiety goes back
to the Ru-moiety so that the charge transfer excited state of the Ru-moiety suffers
no quenching.

In the optical charge transfer transition of a mixed-valence symmetric Ru(II)--Ru(lIl)
compound, an electron-jump from the left Ru(Il) to the right Ru(III) generating a
charge-shifted state of Ru(II1)-Ru(II) is followed by rearrangement of solvent
molecules to generate a newly solvated state of the Ru(I1l)--Ru(II) compound.
Provided that the energy of a charge-shift state (Ru(IlI)-Ru(II)) is the same as that
of original state (Ru(II)-Ru(lIl)), the transition energy of optical charge transfer is
assumed to be the same as the nonvertical rearrangement energy of solvent molecules
surrounding a charge-shift state of Ru(ilI)-Ru(II) (Creutz 1983). The nonvertical
rearrangement energy increases with center-center distance between the metal ions
because of more solvent molecules reorientating to the Ru(lll)-Ru(il) compound.

The extent of bridging ligand-mediated electronic coupling between Ru(lI) and
Ru(lll) can be estimated from an integrated intensity of the optical charge transfer
transition (Hush 1967). The electronic coupling strength between the metal ions only
depends on the intramolecular bonds and size of a spacer, since coordination bonds

Tablk I. Electronic coupling (H,,) and outersphere rearrange-
ment energy (.) estimated from the intensity and the energy of
optical charge transfer transition of [(bpy) 2Ru"(L-spaccr-
L)Ru"'(bpy) 2 I' in acetonitrile at 298 K.

Metal metal A Urp

Bridging ligand distance* (nm) (CV) (meV)

L,-benzene-L, 0.8 0.76 58
L,-biphenyI-L 1.2--15 0.91 7.5- 10
L,-biphenyl-L, 13 096 22
L,-ethane-L, I-! 0-96 8.7

*Estimated by using a molecular model
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of 2-(2'-pyridyl)imidazole moieties to metal ions are kept constant among the bridging
ligands used here. When the LT process is nonadiabatic, the observed extent of the
electronic coupling between metal ions must be reflected on the ET rates.

Broad 'absosrption bands of the Ru(ll)-benzene-Ru(Ill), the Ru(l1)-biphenyl-
Ru(Ill), and the Ru(II)-ethane-Ru(111) compounds observed in the near infrared
region are assigned to a charge transfer band (Ohno et al 1992). Values of rearrangement
energy and electronic coupling are estimated from the energy and intensity of the
Ru(l I)-to-Ru(III) charge-transfer transition (table 1). The extent of electronic coupling
between the metal ions decreases with the spacers in the following order, benzene >
biphenyl >ethane. The smallest rearrangement energy is obtained for the Ru(II)-
benzene-Ru(lll) with the shortest metal-metal distance.

3. ET on the excitation of Ru(ll)-moiety in Ru(fl)-Rh(Ilii) compounds

(Nozaki et al 1992) A second harmonic pulse of the nano-second YAG laser excites
the Ru-moiety of the Ru(Il)-Rh(lII) compound into the charge transfer state, which
exhibits at a lower temperature a transient absorption spectrum similar to the metal-
to-ligand charge transfer excited state of the Ru(11) -Ru(1l) compound. The decay of
the transient absorption in a mixture of propionitrile and butyronitrile becomes faster
as temperature increases.

A nicely linear Arrhenius plot of the decay rate of the excited Ru(1I)-moiety was
obtained (figure 2). The Ru(1I)-benzene-Rh(lII) compound displays the fastest decay

24

S22r

20

18 K , ,

16

14 - I
3 4 5 6

1-'X105/ K-1

FIgure 2. Arrhenius plots of photoinduced ET in [(bpy) 2Ru(L-spueer-L)Rh(bpy)l]' .
Lo-benzene-L., 0l; LO-biphbeyl-L,. 0; L&-blphenyI-La, L; L,-ethane-L,.
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Table 2. Photoinduced electron transfer of [(bpyl2Ru(L-spaccr-L)Rh(bpy)2]l' i in mixed
solvent (bulyronitrile + propionitrile). Observed and calculated values of energy gap (A(;).
Arrhenius frequency factor (A), and activation energy (E,).

AG' A A"' E. E,'
Bridging ligand (cV) ( I' " (10's- ) (CV) (cV)

L.-hcnecnc-L. - 0.02 1.1 5 7 0(166 0.17-0.18
L,-baphctlyl-L, --0-13 2-3 4--(, (.2(x) 0.15 01o
L..biphetnyl-L, - 008 3.2 4-5 0-190 0-185 0(95
L.ethane-L, --0.04 3.2 4.5 0-190 0-205 -0-215
L-ethane-L, -0004 06* 1-1 -1-6' 0-172" 0 17 -0 1'P

"In henzonitrilc

rate at a given temperatuie and the smallest slope of the linear plot among the
Ru([I)-Rh(lll) compounds. Table 2 shows a nearly constant frequency factor (A) of
2 x 10'' s' for the Ru(II)-Rh(lIl) compounds in the mixed solvent, which is in
contrast to the variation in the extent of bridging ligand-mediated electronic coupling
estimated from the optical charge-transfer transition intensities, and implies that the
rate of ET is independent of the spacer.

Replacing the mixed solvent with benzonitrile reduced the frequency factor to 1/5.
A slow longitudinal relaxation (5 ps) of benzonitrile compared with butyronitrilc
(0.5ps) (Simon 1988) demonstrates that the solvent relaxation dynamic- following
ET is the rate-determining step. Therefore, the frequency factor is regarded as the
nuclear frequency for the adiabatic ET studied.

k = v°exp(- E./RT)exp(- AG*/RT), (4a)

AG* = [(AG" + A)2/4A] - IH,,I. (4b)

The nuclear frequency of ET processes Qan be estimated to be 3.9 x 10' s ' in
butyronitrile and 0.85 x 101' s ' in benzonitrile at 298 K from the rotational and
longitudinal relaxation times of the solvent molecules as per Calef and Wolynes
(1983). If the tempcrature-dependencc of Debyc dielectric relaxation for benzonitrile
is similar to that of butyronitrile (Em = 45 meV), the nuclear frequency at the infinitely
high temperature (v') can be calculated as -5 x 10's'- I for benzonitrile and
"- 23 x 10'' s ' for butyronitrile.

For an adiabatic ET controlled by solvent relaxation dynamics, the F-T rate can
be expressed as in (4), where AG* is given by energy gap (AG"), rearrangement energy
(A), and electronic coupling (H,,). Let us assume that AG' is similar to AH' in
rnagnitude and ). is close to the outersphere rearrangement energy.

In A In v + x d" (Sa)
n 2kn T dT'

E,-=AH"' + 4n2 I+ 2 dT) -H'PI+E.. (Sb)

The value of outersphere rearrangement energy is estimated from the optical charge
transfer transition energy mentioned above. Finally, we obtained (5) for frequency
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factor and activation energy for weakly exergonic ET, where a is structural constant
depending on sizes of metal ions and metal-metal distance. The second terms of (5)
come from the temperature dependence of refractive index n', which the outersphere-
rearrangement energy is a function of. The values of A and E. are calculated to be
in the order of 2 x 1011 s- I and - 0.2eV, respectively, by using (5a) and (5b), which
are in agreement with the observed ones except for the Ru-biphenyl-Rh(lil) compound,
as table 2 shows.

4. ET and back ET on the excitation of Rh.moiety in Ru(II) Rh(lIl) compounds

(Nozaki et al 1993) When the Rh-moicty of a Ru(ll)-spacer-Rh(lll) compound is
excited by 317nm picosecond pulse, ET from Ru to Rh is expected to occur rapidly
bcause the energy gap of 0.6eV is much larger than the energy gap of ET ( < 01 cV)
on the excitation of Ru-moiety. The subsequent back-ET could he distinguished from
the rapid ET.

Time evolution of transient absorption showed the fast decay of excited rhodium-
moiety with a rate constant of - 10' s -' and the subsequent recovery of the
Ru(ll)-moiety with a rate constant of 1.2 x 10's ' for the Ru(ll)-pentanc-Rh(1lI)
compound. The Ru(ll)-propane-Rh(lll) exhibited only a faster recovery of the
Ru(ll)-moiety with a rate constant of 4.7 x 10"s ' .The decay of the excited Rh-moiety
of Ru(il)-propane-Rh(lil) was hardly observed because of such a fast process. The
back-ET of the Ru(Il)-biphenyl-Rh(tIl) compound is a little faster (of the order of
010" s- ') at ambient temperature. Meanwhile. the ET rate estimated by putting the

energy gap and the rearrangement energy into the classical Marcus equation of (3)
is smaller than 10's-' because the energy gap is much larger (-,2eV) than the
rearrangement energy. Nuclear tunnelling followed by the vibrational excitation is

17- -21

16- ET 20•T

Ea = 45m6V

"15 19

14 Back ET 18 r

S1 Ea =120 meV
13 1

1 4 5 16

1000K / T
Temperature dependence of
electron transfer

Fliure 3. Arrhenius plots of photoinduced ET and subsequent back-ET in [(bpy),Ru(L,-
pentane-L,)Co(bpy)2]"; /; photoinduced ET. A; back-ET.
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the only explanation for the much faster back-ET compared to the rate estimated
by using the classical Marcus equation (3). The decreasing order of the rates in the
Ru(lI)-spacer-Rh(ITI) compounds (benzene > biphenyl > ethane > propane > pentane)
is suggestive of non-adiabaticity of the back-ET processes in the spacer compounds.

5. ET and back ET on the excitation of the Ru(lI)-molety in Ru(lI)-Co(Ill)
compounds

(Yoshimura et cal 1993) The second samples of donor-acceptor linked compounds
studied consist of a ruthenium (11) ion and a cobalt (111) ion, The energy gap of the
back-ET, which follows ET from an excited Ru(Il)-moiety to a cobalt([lll)-moiety, is
changed from 880 meV at 200 K to 750 nieV at 300 K. The standard entropy change
(ASO) of - 1-3 meV/K is responsible for the energy-gap change with temperature. An
activation entropy (AS*) is suspected to be involved in the activation process, because
the transition state may havc an intermediate amount of entropy between the entropy
values of the reactant and the product (Hupp and Weaver 1984; Marcus and Sutin
1986). Provided that the activation entropy due to the rearrangement of the inner-
coordination shell around a cobalt ion is as negligibly small as that around a
ruthenium ion, (3) can be recast by using a temperature-dependent AG' into (6). Thle
entropy change (AS*) even in this case reduces apparent values of A and E., from
which the frequency factor and the activation energy are obtained as shown in (6).

2n IHpl I(G, + ) AS"(AH' + A) - (TAS0 ) 2
k = hn !H,,12 TA ---- xp4Ak

(6)

A nicely linear plot between the natural logarithms of rate constant and the
reciprocal of temperature gives values of an intercept and a slope (figure 3), from
which the frequency factor and activation energy are obtained after the correction
of entropy term as are shown in table 3. Thle extent of electronic coupling decreases
from the Ru(ll)-benzcne-Co(hQl) to the Ru(il)-pentane-Co(l1N) compound. Since a
similar trend in the extent of electronic coupling between an Ru(II) and an Ru(1lI)
of the Ru(II)-Ru(Ill) compound, was obtained as mentioned above, the back-ET
from Co(ll) to Ru(I1l) can be regarded as a nonadiabatic process.

The rearrangement energy of -2ecV observed can be decomposed to an innersphere-
rearrangement energy of I eV and an outersphere-rearrangecmnt energy of -- I eV.
The large innersphere rearrangement energy is consistent with the longer bond-

Table 3. Back electron transfer in [(bpyhRu(L-spaccr-L)Co(bpy),3" in butyronitrile:
Energy gap (AG'), entropy change (AS'). Arrhenius frequency factor (A). activation energy
tE.ý rearrangement energy (A) and civtcoon'IC coupling (H,,).

AG' .4 AE A Hr,
Bridging ligand (CV) (tneVK- '1 (10,16-) (nicY) (CV) (MCV)

L*-benzene-.L -06W - 1-3 300 77 1.8 5
Lp-biphenyl.L, -0175 - 1-3 40 87 205 2
Lv-pentane-L, -. 0170 - 13 1 5 120 2-2 0-4
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distances of the Co(Il)ligand bonds than with those of the Co(lII)-Iigand bonds,
which are seen for many cobalt compounds (Buhks et al 1979; Endicott et al 198 1;
Newton 1991). This may call into question the application of (6) to the Co(lr)-to-
Ru(!1l) electron-transfer. While the estimation of rearrangement energy might yield
more error, the estimated values of - I eV are not so strange.

Photoindluced ET of Rufll)-moiety-to-Co(lIIl) was also observed for Ru(ll)-
hiphenyl-Co(ll1) and Ru(IT)-pentane-Co(llI) compounds. The rate of the forward-ET
with the excrgonicity of 0-6eV is the following -~ I x 10' s - for the Ru(ll)-pentane-
Co(1ll) compound, 6 x 10's - for the Ru(il)-biphenyl-Co(lll) compound and
> 5 x 101's- for the Ru(1ll)-benzene-Co(1l1) compound at ambient temperature.
This trend suggests the nonadiabaticity of the forward-ET, though the frequency
factors are not determined by extrapolating an Arrhenius plot of the ET rate constants.
A very small activation energy of 0'O45eV for Ru(II)-pentane-Co (I11) implies the
formation of the doublet excited state of the Co(Tl)-moiety without change in entropy,
which is followed by a rapid relaxation to the quartet ground state of the Co(ll)-
moiety.

6. Coenclusions

Both rearrangement energy and extent of ligand-mccdiated electronic coupling between
mectal ions, which are estimated from transition energy and intensity of intrainoietular
CT transition band of Ru(IIV-Ru(Ill) bimetallated compou~nd. Lire dependent ot, the
intramolecular bonds and the size of the spacer.

Meanwhili, the extent of electronic coupling and rearrangement energy involved
in ET processes with a small exergonicity are evaluated from the temperature-
deperiilence of ET rate.

Frequency factors for ET from an excited ruthenium-moiety to a rhodium-moiety
with a small exergonicity is determined by solvent relaxation dynamics. Outersphere
rearrangemcnt energy estimated from the acfivation energy are dependent on the site
of spacers of bridging ligands. Back-FT occurring via nuclear tunnelling from 11h101)
to Ru(1l1) with a high exergonicity is nonadiabatic.

ET from an excited ruthenium(ll)-moiety to a cobalt-moiety with an intermediate
exergonicity is nonadiabatic. Frequency factors for back-FT from a cobalt(Ill)-moiety
to a ruthenium(l1)-moiety is reduced by weak electronic z-oupling between the metal
ions, and reductiorn in entropy. Activation energy for the back-FT of tile Ru(lll)-
spacer.Co(ll) compounds are also reduced by a negative entropy change andhy an
innersphere rearrangement energy in addition to the outersphere one.
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Photoinduced charge transfer processes in ultrasmall semiconductor
clusters Photophysical properties of UdS clusters in Nafion membrane
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Abstract. The photophysical properties ol quantized CdS clusters in it perfluorosulforiale
polymer (Narion) film have been investigated hy time-resolved emission spectrosCupy. The
ultrasmall CdS clusters were prepared by exposing Cd' -exchanged polymer film to H IS
Sin-edependent absorption and emission properties were observed during the growth of
these clusters. The emission decay is inultiexpontittial with lifetimes ranging from 0 85 to
480 ns.

Keyword~s. Semiconductor clusters; CdS: size quantization effect. Natlion: emission lifot ire-s

1. Introduction

Considerable attention has been given in recent years to the application of semi-
conductor colloids, powders and films for conversion of solar energy into cletstricity
and chemical energy (Bard 1982; Kalyanasundaran et at 1986; Henglein 1988, 1989;
Memming 1988; Gratzel 1989; Kamat and Dimitrijevic 1990; Kamat 1991, 1993). Of
particular interest are the quantized semiconductor colloids which exhibit hybrid
molecular solid state properties (Brus 1986: Henglein 1988, 1989; Bawendi et at 1990;
Steigerwald and Bras 1990; Wang and Herron 1991; Kamat and Meisel 1993). These
ultrasmall colloidal particles contain a high density of defect sites, usually at the
semiconductor surface, and the nature oj these defect sites depends strongly on the
method of chemical synthesis. Upon optical excitation, the free carriers are rapidly
trapped at the defect sites and these trapped charge carriers further undergo radiative
and nonradiative recombination.

The mechanistic and kinetic details of the charge transfer processes in metal oxide
MTi 2, ZnQ) and metal chalcogenides (CdS. CdSe) have been presented in our earlier
studies (see, for example, Kamat and Dimitrijevic 1990, Kamat 1991, 1993, for detailed
reviews on this topic). Both transient absorption and emission spectroscopy techniques
have been employed to characterize the primary photophysical and photochemical
events that occur in the picosecond millisecond time domain.

Efforts have also been made to prepare ultrasmall semiconductor particles in
various heterogeneous environments (Fendler 1985, 1987; Wilner and Wilner 1988;
Fox 1991I). Microenicagement of semiconductor particles in an organized medium
controls not only the morphology but also the photocatalytic properties of the
semiconductors. For example, metal chalcogenide clusters can easily be synthesized
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in a polymer film (Meisner et at 1983; Kuczynski et at 1984; Wang and Mahler 1987.
Mahler 1988. Honda et at 1988; Nosaka et a! 1989; Dalas et at 1990: Gopidas
and Kamat 1990; Miyoshi et at 1990; Smotkin et a 1990: Misawa et at 1991; Yoneyama
1991). Such preparations provide isolated small semiconductor particles which
are stabilized in an organized medium. In most of these studies, CdS has been the
popular choice since it can be prepared easily by chemical precipitation and
characterized readily by absorption and emission spectra, The photophysical
properties of CdS clusters prepared in Nation men!"rane are presented in this paper.

2. Experimental section

2.1 Materials

Nafion 117 in H' form was obtained fronm Aldrich and H2S gas was obtained from

Matheson Gas Products. All other chemicals were analytical reagents and were used
as supplied.

2.2 Sample preparation

The Nation film was extracted with methanol for 4- 5 It and was dried in an oven at
60"C for 24 h. The sodium-exchanged lorm of the Nafion was prepared by soaking
the film in an aqueous solution of I M NaOH for 24 h and then washing thoroughly
with deionized water. The film was then dried in the oven for 24 h. The optically

transparent Nation film was then cut into 0.5 x 4cm pieces so that the film could
conveniently be introduced into a 2mm thick optical cell.

Cd 2 - ions in the Nafion film were exchanged by immersing Na+-Nafion in a Cdl 2
solution (lO0ml of 10 10 -' M) for 30rmin to 3 hK The film was then thoroughly
washed with deionized water and dried in an oven at 60'C for 24h. A single piece
(0.5 x 4cm) of Cd2 '-exchanged Nation film was introduced in an optical cell (2 mm
thick). The cell was closed with a rubber septum and flushed with a stream of argon

for 30min to remove adsorbed 0, from the film. About 10ml of H 2S gas was then
injected into the cell for initiating ('dS formation. The reaction could he arrested at
any stage by quick degassing. The yellow coloration of the film confirmed the
formation of CdS particles. Care was taken to exclude 0, from the cell. As a
precautionary measure all the Nation films containing 'dS were stored in an argon
atmosphere.

2.3 Optical measurements

The absorption spectra were recorded with a Perkin Elimer 3840 diode-array
spcctrophotometer. The emission spectra were recorded with an SLM S-80XO0
photon-counting spectrofluorometer in a front-facc configuration. Emission lifetime
measurements were performed by the time-correlated single-photon counting
technique using an apparatus that has been described elsewhere (Federici et al 1985).
The excitation source wasa mode-locked, Q-switched Quantronix 416 Nd:YAG laser
which provided SOps pulses of 355nm light with a frequency of 5kHZ and an

,integrated power of 10mW.
Time-resolved emission spectra were recorded from laser flash photolysis

experiments using 337nm laser pulses from a PRA LNIOOO nitrogen laser system
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(pulse width 0-5 ns). The details of the experimental arrangement can he fou~nd
elsewhere (Nagarajan and Fessenden 1985). All the experiments were done at room
temperature (23 C).

3. Results and discussion

3.1 Formtnion (!/ CdS clusters in the Nalivn filin and siz~' qdantti:ation eflects

The CdS clusters within the polymer matrix could be siynthesized by exposing the
Cd2 -doped Naflon films to an atmosphere of 1-12S. The absorption spectra recorded
following the exposure of Cd' '/Nurion to H-2S are showrn in figure 1. The color of
the film slowly changed from colorless to yellow as the H2S exposure time was
increased. This is clearly evident from the increased absorption in the spectra recorded
at longer timecs (Figure 1). In the bulk form. CdS is deep yellow in color (E., = 2-4eV)
with an onset absorption around 520 nm. However, in smaller diameter particles
1< 50 A). the absorption shifts to the blue as the effective bandgap increases, The
morphology of the Nafion polymer is such that it controls the clustering of CdS
molecules (Dp 15 150 A) within the hydrocarbon network,

Semiconductor particles which exhibit siz~e-dependent optical and electronic
properties arc termed quantized (or Q-) particles ,-nanoclusters (Meisner Vt (it 1983;
Kuezynski et (it 1984, Wang and Mahlcr 1987, Honda er at 1988; Mahler 19M8
Nosaka et at 1989; Dalas et ai 1990; Gopidas and Kamat 1990, Miyoshi et at 1990.
Smotkin et (i 1990. Misawa et at 199 1: Yoneyatma 199 1). These ultrasnmall semniconductor
particles are molecular clusters in which complete electron delocali,.ation has not yet
occurred. Quantization in these ultrafine senuiconductor particles arises from the
confinements of charge carriers with potential wells of small dimensions (less than
the DeBroglie wavelength of the electrons and holes), Under these conditions the
energy levels available for electrons and holes in the conduction and valenice banids
become discrete. The absorption spectra recorded lt Figure I show the transition
from small molecular cluster; ito bulk aggregates. In addition ito its very large effect

U
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FI'lura I. Absorption special of CdS clusters in Narion film. The spectra %%ere recorded lit
%UlIOU5. timeL intrvls~~i following the expoisure or the Cd2* -doped (I inmole) Njfion film t

H IS for 0 (a). 5 (b), t0 1c), 20 (d), 45 (c), go0(r). and 120min (g).
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on optical properties, size quantization also leads to enhanced redox activity of the
photogenerated charge carriers.

The slow rate of CdS formation in dry Nation film facilitates control of particle
size by limiting the time of H2 S exposure. For example, it was possible to stop the
growth of CdS clusters by quickly degassing the sample cell and storing the film in
an inert (N2 or Ar) atmosphere. Similar control of particle size has also been reported
for CdS (Nosaka et al 1989; Smotkin et al 1990; Misawa et al 1991), PbS (Mahler
1988) and CdSe (Gopidas and Kamat 1990: Yoneyama 1991) in polymer films. Another
approach to control the particle size is to decrease the concentration of Cd2 * in the
polymer film. By decreasing the concentration of Cd2 + from 10-1 moles to 10-'
moles, it is possible to grow Q-size CdS clusters with long time HS exposure. By
diluting Cd 2̀  concentration in Nation with inert cations such as Cal', it is also
possible to control the size of CdS and CdSe clusters (Smotkin et al 1990).

3.2 Emission spectra of' CdS clusters in Nafion

Emission spectra recorded during the growth of CdS crysiallites are shown in figure 2.
The blank film (spectrum a, recorded before the H2S exposure) cxhibits relatively
small emission below 400 nm. This emission, which arises as a result of some organic
impurities imbedded in the Nafion film, does not interfere with the measurement of
CdS emission. Once the Cd2 + doped Nation film is exposed to H2 S a new emission
band arises as CdS clusters are formed within the polymer matrix. As shown earlier,
this emission mainly arises from the sulfur vacancies at the CdS crystallites. With
increasing H2 S exposure time an increase in the CdS emission is seen. In the initial
stages (spectra a in figure 2), the growth in CdS clusters leads to an increased

f

II3 d

.5 /

b

500 600 Too
Wavelength (nm)

Figure 2. Emission spectra of CdS cluster, in Narion film. The spectra were recorded at
vurious time intervals following the exposure of the Cdz+ doped (I tamole) Nation film to
HjS for 0 (a), 8 (b), 15 (c), 22 (d), 60 (e), 9O (), and 180min (g).
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absorption at the excitation wavelength, which in turn leads to the enhancement of
the emission yield. However, at longer times (spectra f and g ir, figure 2) a decrease
in the emission yield is observed. This shows that once the CdS clusters are fully
grown the efficiency of radiative recomtlination process decreases. Decreased surface
area and saturation of sulfur vacancies in larger crystallites is likely to affec' the
radiative recombination in the larger clusters.

Another interesting feature is the shift in the emission maximum of the CdS clusters
in the Nafion film. When the crystallites are small, the emission maximum is centered
around 480 nm. But as the CdS cluster grows, the emission baad shifts to the red.
In a fully grown cluster, the emission maximum is observed at 580 nm. The blue shift
in the emission maximum of smiller CdS clusters is parallel to the shift observed in
the absorption edge (figure 1) and attributed to the size quantization effects. Thus.
one can utilize the emission properties to probe the size quantization of CdS cl'Is.ers
in the polymer films.

3,3 Emission lifetimes

It has bc-i shown earlier that the emission decay of semiconductor clusters provides
important information regarding kinetic and mechanistic details of charge carrier
recombination. A typical decay profile of CdS emission ai 470 nm is shown in figure 3.
Such a nonexponential decay is attributed to the distribution of cxcited states at
various trapping sites that emit with different lifetimes. This multiexponential decay
was fit by a nonlinear least ,quiares proceduie to the three component decay law as
given by (James el al 1985),

F(t) = a, exp(-. t/fit) + a 2exp(- t/r2) + a3cxp( - t/ 3 ). (n)

The lifetimes analyzed from its decay kinetics are summarized in table 1. These range
from 0.85 to 480ps. The shorter-lived states were found to emit at higher energies.

102

0 10 20 so

Time (ni)
FIPre 3. Emission decay profile of CdS clusters in Nation monitored at 470nm. The
analysis wu, carried out by fitting it to the three exponential decay kinetics, (I). using the
parameters: a, - O0-37, xc - 1"03s , "- H0"19, t• - 4.29ns, a,, 0.0029 and T - 23'73 ne.
The profile of the laser pulse is also shown for comparison.
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Table I. E nisaion lifetimes of CdS clusters in Nation.

Emission Emiuion lifetimes' (ns)
*svvelength
(nla Vl r a <W~

400 085 3-32 14-73 5'61
470 1"03 4"29 23.73 10"75
580 14-80 111"51 379.75 179"10
680 18-77 124.31 480-W) 283-70

'Lifetimes were anslyzeJ by fitting the decay to three
exponential decay kinetics
bThe average lifetime (<> war calculated based on the
expression of James et al (19851: <t) - .a,r/Ya, r,

Similar wavelength-dependent emission lifetimes have been observed for n(nO. AnS.
CdS and CdSe colloids (see, for example, Kamat and Dimitrijcvic 1980. Kit mat 1991.
1993). The wavelength dependence of the emission lifetime arises from the contribution
of the Coulombic energy of interaction of the eleciron-hole pair to the total energy
of the emitted photon. A more detailed analysis of these lifetimes in CdS clusters ha,
been carried out by Chestnoy (Chestnoy et at 1986).

3.4 Time-resolhed emission spectra

The contribution of various emitting centers which exhibit different emission lifetimes
was further probed by recording time-resolved emission spectra. The CdS-doped
Nation film was excited with 337 nm laser pulses from an N 2 laser (pulse width 0.5 ns)
and the emission spectra were recorded at different time intervals (figure 4). These
spectra were normalized for the photomultiplier response. A decrease in the emission
yield as well as a red-shift in the maximum was seen with increasing time. The
spectrum recorded immediately after the pulse shows a maximum around 440 nm.
while the spectrum recorded 52 ns after the laser pulse has an emission maximum at
480nm. Similarity in the shape of the emission band in all these spectra suggests
that the same surface vacancy (sulfur vacancy) is responsible for all the emission
spectra recorded in figure 4. The steady state emission spectrum at 77 K is also
shown for comparison. This steady state emission band is considerably red-shifted
and exhibits very little emission at higher energy (below 42' nm). This further supports
the earlier proposal (Chestnoy et a/ 19861 that close pairs with small separating
distances emit faster and at higher energy than distant pairs for a fixed particle
diameter.

3.5 Po.•.ihh' applihatiUm. of (dS iiln.s in solar enerq.y conersimi

It has been shown earlier that CdS cluster% imbedded in the polymer film are an
excellent choice for the photoelectrolysis of water (Krishnan et at 1983: Metsner et at
1983; Finlayson et al 1988). Relatively large quantities of H 2 generation were produced
in the presence of an electron donor such as S' -. It should also be posible to utilize
such thin semiconductor particulate films in photoelectrochemacal cells for directly
converting light energy into electricity. Significantly higher photocurrents have been
reported for larger size CdS particles precipitated from solution in Nafion films
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4~Aetbs. thet pf'ewtft M;Xort wn nitpo our reswiti o" the photoph,UCAl AMd ph~ochmlicaIA
in~eujagatuikns ii. Wa~ itrill me~uara *i dyes whi ci eahbat intense andJ sharp abm~trption handti
in the .iuaalsk and near infrared repions The intramoleculat chatr-t.rainale trAnej:,ons Arising

from the -donor -aiccetiior -donor- arrunpimi ts of thase dMe hawe an interesting efkci ..n
their eciated itct.t properties The majot nonraibaraive decay procu 4f iquarainel is i

rotation about the C C bonds between the central cycleihutanc unit and m~ nct~hhourinht
phznyl groupa. %ficiencapng of one,4 the dyes by If-cyclodeet-tn or wsilyl4-%tnylriyrrinet
was found to treatrct this mottion. hbriniin about up t ii N-fold enhanuctinet in itt n~fmvnrsver

yield Thesm aspcts as well as the dynaimics of chaipe transfer tronm the excited ringlet %star
of wrome of the squartitne dyes it) Tr()2 and the rec~onmheatu'r (it tht inpftted c:hafrge *ith

the dye radical ciattoni art discussed

compleses. TiO,-photosenwitmouon

I. Introduction

Squaric acid is known to undergo condensation reactions with a varityt of
nucleophiles to form 1.,3-disubstituted derivatives (squaraines). which have Very strong
absorption in the visible and near infrared regions (Sprenger and Ziegenbein 1966;
Schmidt 1980). The chemistry of squaric acid and other oxocarbons (Seitz and Imming
1992) and near-infra red dyes (Fabian et at 1992) have been reviewed recently. Although
the technological applications of squaraine dyes in organic solar cells (Morel e( al
1984; P~echowski er at 1984), xerographic photorecptors (Tam 1980, Law 1993) and
optical recording media (Emmelius et a! 1989) have been extensively investigated.
reports on the photophysical properties of squaraine dyes have been limited (Loutfy
et a! 1983; Law 1987, 1989, 1990, Vieira et at 1991). MNDO and CNDO calculations
on the ground and excited states of his r(4-dimethylamino)phenyl] suaraine (1)
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have shown that the molecule is highly polarized with the amino moiety being an
electron donor (D) and the central cyclobutane unit being an electron acceptor (A)
(Bigelow and Freund 1986).

These calculations also indicate that the So -+ S, electronic excitation is accompanied
by a charge transfer (CT), which is primarily confined to the central C4 02 unit, with
a small degree of CT from the aniline moiety. However, the calculations indicate that
both the S. and S, states are highly polarized intramolecular D-A-D CT states.
The charge-transfer nature of these dyes also brings about interesting effects in their
solid state chemistry. Extensive intermolecular charge transfer interactions in the
solid state cause a red-shift accompanied by a broadening of their absorption hands.
These intermolecular interactions also make these dyes highly photoconductive in
the solid state. Highly conducting polymeric forms of such oxocarbon dyes have also
been recently reported by Havinga and Wynberg (Emsley 1992).

CH, Hs\OC

0 HO

SQ I SO 2

4c O C 0.,.mOC H, OH HO

SQ 3 50'

OH ON HO

140 • C) 0

Multiple emission bands have been observed for SQl (chart I) and Its derivatives
in solution. In a detailed study involving the effects of solvent and temperature on
the emission spectra of these dyes. three emission hands have been observed which
have been assigned to emission from the free dye (s). dye-solvent complex (fl) and
a twisted excited state resulting from the C C bond rotation (y) (Law and Bailey 1987).

Here, our work on the spectral characterization of the excited singlet, triplet and
redox states of the squaraine dyes SQI SQS (chart I). the hydrophobic interactions
if SQ5 with f-cyclodcxtrin and polyl4-vinylpyridine), as well as the dye sensitization
of a large band gap semiconduvtor. TiO 2 , are discussed

2. Experimental

The squaraine dyes SQl SO5 were synthesised by reacting squaric acid with the
appropriate nucleophiles. by reported procedures (Sprenger and 7iegenbein 1966.
1968. Schmidt 1980). All solvents were ot spectroscopic graue. Colloidal suspensions
of TiO 2 were prepared by a method described earlier (Kamat 1989). The details of
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quantum yield measurements. as well as the experimental set-up used for flash-
photolysis and pulse-radiolysis have been described earlier (Das et al 1992a. Kamat
et al 1992).

3. Results and discussion

3.1 Excited singqlet. triplet and redox states

3.1a Bis[4-(dimethylaOwino)ptenYl] squaraine der itatir.es: The spectroscopic charac-
teristics of the squaraine dyes SQI--SQ... as well as their excited and redox states
are summarised in table I (Kamat et al 1992. Patrick et al 1992).

Both SQ1 and SQ2 have sharp absorption bands with absorption maxima at 628
and 636 nm. respectively. The fluorescence quantum yield and fluorescence lifetime
of SQ2 arc about twice that of SQI. It has been suggested that the substituent Oil
groups in SQ2 facilitate hydrogen bonding between these groups and the ('0-group
in the cyclobutane ring. which can restrict the rotational relaxation proces. of the
excited state (Law 1987H. The excited vinglets of SQI and SQ2 in methylene chloride
were generated by direct excitation with 532 am pulse. The transient ahsorption
spectra recorded at different time intervals, following laser pulse (I1 ps) excitaotin o•
SQ I is shown in figure I As discussed in an earlier section, the excited singlet statc

1rble I. Excited state propcrtis of %quaraonc d.c•

Ah'.,-p. Fr-is.- Ahmirp. Abh.orp-
holll 111-1l 11"ll [itl't• lttl 14.1.11-11

Iil'. II).), tild' r Mlao. / 'I) I) own s a1iiIo
111111ill ) 111111] 'P, (filinl 1I,)} P.h Il-!ll * 11' 1 .0 (1111lll • l~l l|[+

SQl h2A b54 o145 450. I i l ' '.)41 I 1) I', 4fk)

SO-' s T 1,11, 0-5 o 4 4''. i In 1, '.f,' 1 h,' 0 10
NQ 4 's W5' 0•C) l. 442 oi 22 Ii 1lf) .121) I0 Q~i 4 ',).

v 0.036

~,.0.012'-
'- -0.036

* 0.060L
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Figmie 1. Iun~ien ab.. rphn .. ,,c.. .f %inglet-civted SQI in mclhylenchloide he
,spedra were recorded. following A. .m loser puli- exctation of IOiPM SQ in meih:le
chloride. si time inimitils of Ui. 0-05. 01i. 013. 021. 0-25, .31. 1)-5. 4(7. 1 7ý aind 1 sn
(Reprntied with porminakon from Kamat ef di 1992 iQ 19"2. Am Chemi. Soc I I
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can also exist in the solute-solvent complex and twisted-excited state forms. An
attempt was made to probe these states in transienit absorption studies. Only a single
absorption peak was observed in the wavelength region 400-600nm. Our studies so
far on the excited singlet states, viz. emission lifelimes and transiert, absorption
measurements, have failed to gather supportive evidence for the existence of multiple
singlet excited states.

To study the triplet excited states of the dyes by laser flash photolysis, a triplet-triplet
energy transfer method using 9, 10-dibromoanthracene (DBA) (ET-7 167.4 ki mol ')
as triplet sensitizer was employed, since direct excitation of the dyes led to very low
yields of the dye triplets (or - 0.01). Time-resolved transient absorption spectra
recorded after 355nm pulse excitation of DBA in methylene chloride solution
containing SQI is shown in figure 2. The transient absorption spectrum recorded
immediately after laser pulse excitation (•i max: 425 nm) corresponds to the sensitizer
triplet. The absorption spectra recorded at time intervals greater than 10ps correspond
to the SQI triplet. The extinction coefficients were determined for the triplets of SQl
and SQ2 by a method described earlier (Carmichael and Hug 1986). The triplet lifetimes
of these dyes were 3.5 x l01 ps, indicating that the triplet excited states, unlike the
singlet excited states, are insensitive to the presence of the OH group on the phenyl
ring.

The dye radical cation spectra were recorded by generating these cations hy pulse
radiolysis of the dyes in methylene chloride solutions. Radiolysis of methylene chloride
produces highly oxidising radicals such as RCI (Ford et a' 1989). The oxidation
potential of the squaraine dye is very low (0.35 and 0.41 V vs AgIAgCI for SQI and

0.06

_1.2 540

0.03-

0f 41f

-0.06
400 500 600 700 SOC

Wavelength (nm)
lpn L transfer from 9tnplc-excited . lO-dlromulanthravne tti SQI in melhylene

chloriie Tranuent ahusrption spectra were recorded, following IS5 nm laser pulse excittinon
of a solution .ontanng a-1 mM 9. IO-dibromoanthracene and IOM SQl at time intervals
OW L I ) . 'O04 i and NO' ,i us The absorption time prollis in the insets show Ihe
decay of the 9. lO-dibromoanihracenc triplet at 425 nm and the formation or 'SQ I at 540 nm.
I[lepeinlAl with permission from Kamat c u 1aM2 I() 1992. Am. Chem. Soc.l.J
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SQ2, respectively) and, hence, they can be oxidised by RCi'. The spectra of the dye
radical cations obtained by pulse radiolysis are shown in figure 3. A strong overlap
of SQl absorption with the ground state absorption of SQl was evident from the
small bleaching of the So-S 1 band of SQL,

Direct excitation of SQ1 at high laser doses also gave rise to transient spectra
similar to those observed ih the above pulse radiolysis experiments (figure 4) indicating
the formation of dye radical cations under these conditions. The formation of the
radical cation spectra at high laser doses, and the linear dependence of the transient
absorbance on the square of the laser dose as shown in the inset of figure 5, indicate

Is

Sb 7L

00

Wavelaingth (nri)

Fipme 3. Transient ahliorpton spectra of pulse radsily'tcally gcneatted catin radical o1f
tla) SQ and (bI SQ2 inm chylene chhridc The difference abaorpton sp•etra were recorded.
fnllowing the pulse radiolyzis of O saturated ('H(.'11 soluij,'n. colntaining I) 211ipM of
(a) SQI(A - 2. pi and ihi SQ2 (At f).oa). [ Reprinted with permission from Kamar -Ia
1992( C 192. Am Chem Soc,.
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•Illg 4. PhoslmnonnAton of SQl in ('1('2l The different ataorption spectra recorded
(01 t)s and I. I 5,ps after 52nm escittiol of IO(uM SQI in (H12('I The inset shows
the dependence of SQl " yield (AA at 6W(Onmi on the square (i laser intensity [Repnnird
with permusson from Kamat ri al 1992 t(t 1992. Am. Chem. Soc.)I
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Figure 5. Influence of f.cyclodextrin concentration. [f-CD] on the emission spectrum of
35 x 10- M SQ5 in aqueous solution at pH - 8.6; [f-CD] (a) 036; (b) 03; (c) 1"2; (d) 24 mM.
Excitation wavelength, 560nm; inset shows plot of 11(00-0 ) vs II[p-CD]' for the
fluorescence yield enhancement of SQ5 -, on addition of P-6D. [Reprinted with permission
from Das et al 1992b (CO 1992 R. Soc. Chem.)]

a biphotonic photoionization process as shown below

SQ I(So) • SQ l(S,) •SQ 1"++ e -(1

The spectrum of the radical anion of SQl was recorded by carrying out pulse-
radiolysis studies in nitrogen-saturated ethanolic solutions. A transient formed with
absorption maximum around 405 nm was assigned to the SQ I radical anion on the
basis of the known reducing nature of irradiated ethanol solutions (Butler and
Henglein 1980; Ford et al 1989). The formation of SQI'-, has a half-life of 285 Ps and
this is attributed to the reaction of SQl with the solvated electron formed in the
above system. No decay of the transient absorption was observed for up to I ms.

3.1 b Bis(3-acetyl-2,4-dimethylpyrrole)squaraine (SQ3): The spectral characteristics
of the ground and excited states of SQ3, as well as the oxidised and reduced radical
ions are shown in table 1. Unlike SQl and SQ2, the pyrrole derivative (SQ3) was
relatively non-fluorescei', (of = 0.08) with an extremely short-lived singlet excited
state (Tf = 222 ps). The intersystem crossing efficiency was also very low (OT = 0"02),
although relatively higher than for SQl and SQ2. The spectra of the triplet state as
well as the radical cation were generated and characterized as discussed earlier for
SQl and SQ2 (Patrick et al 1992).

Photoelectrochemical reduction of SQ3 in colloidal semiconductor was carried
with 308 nm laser pulse excitation. At this wavelength the absorbance of SQ3 is very
low and the TiO2 colloid can be selectively excited. Since the reduction potential of
SQ3 was estimated as - 043 V. which is below the conduction band of the TiO 2

semiconductor (Eca " -05 V), reduction of the dye can be carried out as below
(Kamat 1985):

AV

TiO 2 -- TiO 2 (h* +e-), (2)

TiO 2 (e) + SQ3 -- TiOs + SQ3Y-. (3)
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The absorption characteristics of the radical anion formed within the laser-flash
duration is given in table 1. Steady state irradiation at 325 nm of degassed colloidal
solutions of TiO 2 in acetonitrile containing SQ3 leads to a bleaching of the dye. On
bubbling oxygen through this solution, the original colour is partially recovered. The
bleaching of the dye may be attributed to the following disproportionation reactions
of the radical anion.

2SQ3'- --- SQ3 + SQ32 , (4)
211'

SQ32  -- SQ3H2 . (5)

The structure of the reduced product SQ3H 2 is tentatively suggested as

0 OH 0

OH3  H CH3

,H3 Jr H3H3C N N CH3

An analogous product has been observed in the case of a bis(methoxyphenyl)squaraine
dye. This compound could be oxidised to the corresponding dye using strong oxidising
agents such as bromine (Farnum et al 1968).

3.Ic Bis(2,4-dihydroxyphenyl)squaraine (SQ4) and bis(2,4.6-trihydroxyphenyl)squaraine
(SQ5): These dyes exist as several distinct ionic species in protonation equilibria
with each other and the spectral properties of the different species are summarised
in table 2. The difference in spectral details can be attributed to protonation equilibria
as described in scheme 1. In the case of SQ5, four distinct forms were observed (table 2).
The emission spectra indicate that the singly ,eprotonated species (SQ4-/SQS-) are
the most fluorescent forms for both dyes. How•vi,, tic muh higher quantum yield
of SQ4 as compared to SQ5, suggests that the additional hydroxy groups in the
6- and 6'- positions of SQ5 might distort the planarity of the molecules due to steric

"Tabe 2. Absorption and emission characteristics of various ionic forms of bi.(2,4.
dihydroxyphenyl)squaraine" (SQ4) and bis(2.4,6.trihydroxyphenyl)squaraineb (SQ5).

Absorption Emission Absorption
Ionic form max max Ts max C,.(S, - S.)

Dye (pH) (nm) (nm) Of (ps) (St - S.)(nm) 10' M 'cm -

SQ4 SQ4H *(1) 563 583 0.010 4 100 c c
SQ4(5) 530 582 0-037 130 449 3.94
SQ4 - (9) 588 607 0-092 740 453 11V0

SQ5 SQ5H + (2) 561 - < 0-001 - 457 2-16
SQ5(5) 508 - < 0-001 30, - -
SQ5- (8.2) 588 601 0-01 240 -

SQ51-(11) 543 -- <0-001 230"

In 10% v/v acetonitrile/water solution; b in 30% v/v methanol/water solution; I signal is too weak to
analyse precisely; ' determined from ground state bleaching (it was assumed that the singlet state has no
significant absorption at So - S, maximum); * in 500% v/v acetonitrile water solution
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OH OH OH OH

HO0-H H HO C- 0--z -

0 HO 0 HO

SQH+ "D

OH 0-

HO 0~. -~

HO
Scheme I. SQ 4-

strain. The absorption characteristics of the excited singlet state formed by direct
pocesses. as well as the triplet state formed through the DBA-sensitized processes.
arc summarised in table 2.

3.2 iluorescence enhancement o!I his(2.4.6-trihydroxyphen f.)squaraine (SQS) by
11-cyclodextrin and poly( 4-t'inylpyridine) mic roencapsulation

As discussed above, the anionic form of SQ5 has a fluorescence yield of 0,01 in
methanol. The other ionic forms of SQ5 are relatively non-fluorescent. In aqueous
medium. SQ5- is relatively non-fluorescent (P =0.001) and also very sensitive
to air oxidation. Addition of ti-cvclodextrin (fl-CD) to an aqueous solution of SQ5

Table 3. Ahsorption and emission characteristics of bis(2.4,6-trihydroxyphenyl) squaraine
(SQS) in the presence and absence of (a) /(-cyclodextrin [l#-CD] in water (pH = 8.6) and
poly(4-vinylpyridinc) [ P4VP] in methanol.

ii max (tnm) Absorption

r, max

Sulvcnt Absorption Emission 95r (ps) (S, -- S.)(nm)

Water 0 584 595 0.002 85
Water 24 59Y 608 0146 12(X)
Methanol-water 0 598 598 0,01

00%", r';"11

Mcthanolwater 1V5 591 601 0-01

i 114 V11I Af

Methanol ( 510 597 < 0-0)1 •< 30 414
Methanol O.I 510,602 610 002 _ I00 a
Methanol 0 588 601 0.02 185 420,490

containing
3ram KOH

Methanol 0"1 602 615 0-2 2000 425.495
contailning
3mM KOH

Signal is too weak to be analysed precisely
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brings about a significant enhancement (nea:Iy 90-fold) in the fluorescence yield
of the anion (figure 5). which is accompanied by a shift of about 13-14nm in the
absorption and emission bands (table 3). Complexation of the dye by fl-CD also
significantly enhances the chemical stability. The Benesi-Hildebrand analysis of the
emission data as a function of fl-CD concentration (inset, figure 5) suggests a 2:1
host-guest complex formation, i.e. two fl-CD molecules complex with onc anion
molecule. fl-CD encapsulation can bring about a decrease in the rotational freedom
of the phenyl groups, leading to an increase in the fluorescence yield. For the uncom-
plexed dye anion, hydrogen bonding with solvent molecules is an additional factor
influencing the non-radiative decay route. Encapsulation of the dye anion by two
fl-CD molecules is likely to exclude the intermolecular hydrogen bonding between
the anion and water molecules. In the absence of such intermolecular hydrogen
bonding, the central oxygen atoms of the cyclobutane ring would preferentially form
hydrogen bonds with the OH groups in the adjacent phenyl groups, bringing about
a rigidization of the molecule. Such intramolecular hydrogen bonding was shown to
enhance fluorescence yield for the dimethylanilino derivatives (Kamat er al 1992).
The fluorescence lifetime (tr = 1.23 ns) of the complexed dye anion is much higher
than that of the uncomplexed anion (85 ps). Intersystem crossing efficiency is a minor
pathway for decay of the excited singlet states of both the uncomplexed and complexed
dye anions, as evidenced by the low triplet yields.

In basic methanolic solutions of SQ5, addition of P4VP brings about a clear red
shift in the absorption band of the dye anion. The red shift in the absorption band
is accompanied by a significant enhancement of the fluorescence quantum yield
(figure 6; table 3). In neutral methanolic solution, the dye is predominantly in the
neutral form, with minor amounts of the anion being present. Addition of P4VP
to neutral methanolic solutions brings about a selective complexation of the ionic
form, accompanied by a slight enhancement in fluorescence yields (Das et al 1992).

0.30

0.259

0.20 b,- -

0.15
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Fklm&t Dependence offluorescence quantum yield ofSQ5 on the concentration of P4VP:
(a) neutral methanol. (b) basic methanol ((KOH] - 3-0 x 10- 3 M). The excitation wavelength
was S40nm and the absorption at this wavelength wu adjusted to 01 [Reprinted with
permission from Des et at 1992a (f 1992, Am. Chem. Soc.)]
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Hydrophobic interactions between the dye anion and P4VP may be attributed to the
sclective complexation of th. anion. At the low concentrations of P4VP empioyed, the
macroviscosity will not affect the fluorescence yields very significantly. Interestingly,
addition of poly(2-vinylpyridine) does not bring about any fluorescence enhancement,
thus ruling out macroviscosity elTects due to the addition of polymer. Hyd'ogen
bonding between the nitrogen atom of F4VP and the anion seems to be the major
factor in bringing about complex formation. In P2VP, the nitrogen atom may be too
sterically hindered for this purpose.

3.3 InteraCLion of squara~nes with TiO2

The bisr(4-dimethylamino-2-hydroxy)phenyl]squaraine (SQ2) dye strongly interacts
with :olloidal TiO 2, as indicated by the changes in the absorption spectrum (figure 7).
The presence of an isobestic point at 650 nm in these absorptions shows the existence
of the dye in the equilibrium between absorbed and unabsorbed states. The apparent
association constant, as determined by the Benesi-Hildebrand method, was 2667 M- 1,
indicating strong interaction between the dye and TiO 2 (Kamat et al 1991).

K-PP

TiO2 + SQ2a [SQ2 - - TiO2 ] (6)

The fluorescencc of the dye is strongly quenched by TiO 2. This could be the result
of charge injection from the excied state to the conduction band of TiO 2 . The
oxidation potential of SQl is 1.5 V vs NHE (Law 1990), which is favoutable for such
charge injection. Picosecond laser flash photolysis of solutions of the dye with and
without TiO 2 give the transient spectra shown in figure 8. In the absence of TiO 2,
the spectrum characteristic of the excited singlet state of SQl is obtained. However,
in tne presence of colloidal TiO 2, an additional absorption peak appears at 580 nm.
The absorption band at 580 nm closely matches the absorption characteristics of the

1.0

(3a b

C-0.6 - e

0 0 2 40• - o.3M I''i•ll•

0.2 S*

500 550 600 650 700 750

Wavelength (nm)
Figure 7. Absorption spert,,s of SQI (3mM) in 40M. v/v methylene chloride and 60% v/v
acetonitrile containing (a) 0, (b) 0-25, (c) 0-5, (d) I and (e) 2 pM of colloidal TiO2. The insert
shows the Fitting of the 670 nm absorption to the Benesi-Hildebrand plot. [Reprinted with
permiuion from Kamat et ai 1991 (© 1991. Elsevier Science Publiehers, BV.)]
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Fllgwi & Transient absorption spectra recorded immediately after 532 nm laser pulse
excitation (At - 0ps) of SQI in 50% /ea dichloromethane and 50W1 vlv acetonitrile, without
(a) and with (b) colloidal TiO 2 (25/pM). (The absorption around 532 nm is masked because
of the interference from the excitation pulse scatter.) [Reprinted with permission from Kamat
et al 1991 (C 1991, Elsevier Science Publishers, BV.)]

dye radical cation, observed in the pulse radiolysis studies (table 1). The difference
in the medium and adsorption on TiC 2 surface may be responsible for the small red
shift observed (20 nm). The charge injection may be represented as

SQ2* (S1) + TiO 2 -* SQ2' + + TiO 2 (e). (7)

The decay of the transient was analysed to give a lifetime of 270 ps for the dye radical
cation (k =-2. x 10-tos -).

The photosensitization of TiO2 particulate films by the squaraine dye, SQ4, has
also been investigated (Kamat 2t al 1993). The sensitizing behaviour was probed by
adsorbing the dye on TiOl colloid-coated OTE(OTE/TiO 2) electrode. The photore.
sponse of the dye-modified OTE/TiO 2 electrode is shown in figure 9. Upon illumination
of this electrode with visible light (500 nm), a rise in photovoltage is seen. The open
circuit voltage remained steady as long as the irradiation was continued. When the
lamp was turned off the voltage quickly dropped to the dark value. The photoelectro.
chemical effect at the OTE/TiO 2/dye was reproducible over several cycles of
irradiation. The photocurrent action spectrum closely matches that of the dye anion.
The maximum photon-to-photocurrent efficiency obtained was only 0.05%, which is
considerably lower than the fluorescence quantum efficiency of 3-9%. This shows that
the reverse electron transfer is still a major factor in limiting the photosensitization.
By suitable modification of the dye or by using a suitable redox coupled semiconductor
system it should be possible to improve the performance of such photoelectrochemical
cells.

4. Concluslons

The strong absorptiun and emission bands of the squaraine dyes in the visible and
near infrared regions, along with their ability to undergo reversible oxidative and
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Fligme9. (A) The photovoltage (open-circuit).-esponse of a squarsine dye (SQ4) modified
electrode (OTEIMO2/SQ4-) to illumination at 500nm in a photoelcctroobanmlcal cell
containing Pt foil as counter electrode and aqueous I5 M XCI as electrolyte. (B) The
dependence of maximum open-circuit photovoltage of OTE/riO3/SQ4- on the incident
light intensity. [Reprinted with permission from Kainatetato 1991 (c 1991, R. Soc. Chem.)]

reductive photoelectron transfer processes, make these dyes 'iighly suitable for
photosensitization purposes. These dyes are capable of sensitizing se, 'iconductors such
as TiO 2 . The extreme sensitivity of the absorption and emission , -perties to the
solvent media can be uuilised for probing hydrophobic arnd hydrophilic ;nvironments.
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Absetr. The photochemistry and photophysica ot& s eries of atilbene-functionalized fatty
acids (SFA) have ,emn examined in homogeneous solutions, supported L.angmuir-fllodgetu
assemblies, and as gSots in phoopholipid bilayers and miaellar dispersions. The spectroscopic
charactmeritics 3f stilhene-functlonalized derivatives of phoephatidyl choline (SPA- PC) have
also been examined in organic solvents, aqueous dispersions and aqueous solution containing
an excess of dlpalimtoyl choline (DPPC) as well as in aqueous-methanol solutions containing
y-cyclodextnin. Lanornuir-Blodgett assemblies of individual SFAa. as well as mixtures of
various SFAs. exhibit spectroecopic oaropertin (blite-shifted absorbance and red-ihifted
fluorescence relative to those observed In organic solvents) consistent with the formation of
an "H" aggregate. The same effect is observed for SFA-PCs In aqueous dispersions and in
aqueous-methanol solutions containing y-cyclodextrln. The "H" aggregate Is found to be
the preferred geometric orientation of the itilbene chromophores which may correspond to
an energy minimum for the systems investigated. Prelimvinary studies with SFA-PC in
methanol-water solutions containing y-cyciodextrln suggest that an association of only two
stilbiene chronsophores is required to form the "H" aggregate.

Keywords. Photoinduced electron trani-fer, stilbene surfactants; Langmuir-Dlcdg-,tt
assmblies; phospholipid bilikyars.

1. Introduction

The 3tilbene chromophore is one of the most widely investigated conjugated organic
systems, due both to its characteristic and rich photochemistry and its spectroscopic
accessibility (Hammond et al 1964, Saltiel et at 1975; Saltiel and Charlton 1980; Itoh
and Kohler 1987; Allen and Whitten 1989; Saltiel 1992). In recent years, we and others
have focused considerable attention towards the photophysics and photochemistry
of substituted stilbenes and related molecules incorporated as guests in a variety of
microheterogeneous media (Geiger and Turro 1977; Russell et at 1980, 1981; Brown
et at 1985; Suddaby et at 1985). The sensitivity of the stilbene chromophore towards
viscosity and local order results in its serving as a fairly sensitive probe to the local
environment provided by these media; dramatic effects have been observed on both
the thermal and photoinduced reactiont; of the stilbene chromophore in these media
in a number of different investigations (Brown et at 1985; Mizutani and Whitten 1985;
Takagi et at 19116). Incorporation of the trans-stilbene chromophore into a saturated
fatty acid ras'-its in an amphiphile which is expected to form assemblies "anchoring"

*For correspondence
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the stilbene chromophore in a relatively hydrophobic and ordered site, especially in
Langmuir-Blodgett and variots bilayer assemblies in aqueous media. In fact, we
have found that the "stilbene fatty acids" (SFAs) are excellent surfactants which have
film-forming properties very similar to the corresponding saturated fatty acids having
the same overall lengths (Mooney 1983; Mooney et a! 1984). In examining the
compression, for example, of SFA films at the air-water interface, the behavior and
limiting dimensions are found to be almost indistinguishable from corresponding
saturated fatty acids when either pure SFA or SFA fatty acid mixtures are examined.
However, our earliest investigations of these films revealed that both in compressed
films at the air-water interface and in assemblies supported on rigid optically
transparent supports (formed via sequential transfer of films from the air-water
interface) the stilbene chromophore shows evidence of aggregation which sharply
modifies the absorption and photophysics of the parent chromophore (Mooney 1983.
Mooney et at 1984; Mooney and Whitten 1986). In the present manuscript, we discuss
the behavior of these SFAs in several media with emphasis on their reactivities in
transferred supported multilayers.

2. Results and discusslon

2.1 General properties of tke SFAs

Chart I illustrates the structures .'f se'teral of the SFAs used in this study and shows
the codes used in representing them. These stilbene derivatives can all be incorporated
into fluid solutions of microheterogeneous media such as detergent micelles or
phospholipid bilayers. Incorporution inte sodium dodecylsulfate micelles results in
reactivity very similar to that obscved in homogeneous organic solvents. Absorption
and fluorescence spectra chatacteristic of the stilbene monomer are observed and the
fluorescence and isomerization efficicncies are comparable to those observed in
nonviscous homogeneous soluthons (Brown et at 1985). In contrast, several of the
SFAs shown in chart I exhibit pronounced chenges compared to homogeneous
solutions when 'incorporated as "guests" into phospholipid bilayer solutions with
strong increases in the monomer fluorescence efficiency and lifetime, particularly in
the more rigid low temperature or gel phase (Suddaby et al 1985). For the intrachain
SFAs, 4S•A and 6S6 A. the fluorescence efficiencies approach unity and isomerization
is virtually eliminated. As indicated above, the SFAs exhibit quite different behavior
when incorporated into supported Langmuir- Blodgett multilayers. Typically the
SFAs can form pure monolhyer films m~ they can be used in mixtures with saturated
fatty acids of similar overall indicated length for the fully extended molecules. Figure
I compares the solution and LB multilayer assembly fluorescence and absorption
for 6IS1A. The red shift in fluorescence and concurrent blue shift in absorption can
be readily ascribed to the formation of an "H" aggregate which would be predicted
for a closely packed array of SFA molecules enforced by film compression (Mooney
et a! 1984). The types of aggregates that might be anticipated for chromophores such
as the SFAs are demonstrated in figure 2. We originally suspected that "H" aggregate
formation should be observed for very concentrated LB films and supported
multilayers formed from a single SFA as a consequence of a packing phenomenon,
rather than due to any preferential association phenomenon (Mooney et a! 1984).
Nonetheless we found that aggregate formation is very general for all the SFAs studied
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to date and persists for these compounds to the lowest dilutions (1:20 SFA:fatty acid"host") with little change in the appearance of the aggregate fluorescence or absorption
(Spooner et al, unpublished results).

Studies of the aggregate photophysics in assemblies containing potential quencherswhich might serve as energy or electron acceptors from the SFAs indicate that theaggregates function as good donors in both cases but are very inefficient in transferring
energy between adjacent layers of SFA (Mooney and Whitten 1986). For example,in an earlier study with layers of 6S,A, it was found that while energy transfer (half-
quenching distance of 70A) occurs even when the SFA and cyanine quencher areseparated by more than one layer, there is no enhancement of the quenching whenmultilayers of the SFA are placed in contact with a single layer of the cyanine (Mooneyand Whitten 1986). This indicates quite clearly that the SFA aggregates are veryinefficient at "relaying" energy by degenerate transfer of singlet excitation acrossadjacent layers and result in no "antenna effect" such as might be anticipated weredegenerate energy transfer to occur with reasonable efficiency. This observation isprobably reasonable in view of the low oscillator strength of the low energy (long
wavelength) transition associated with the H aggregate and the large "Stokes shift"
between fluorescence and absorption.
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2.2 Experiments with mixtures of stilbene fatty acids

The diagram shown in figure 2 suggests that different SFAs might associate to form
aggregates having different photophysical properties. Most notable is the prospect
that two or more SFAs in an array leading to a large "offset" of the stilbene
chromophore might result in an aggregate having "J" character which could lead to
a high oscillator strength and fast fluorescence from the low energy transition with
a resultant highly efficient degenerate energy transfer or "antenna effect". Towards
this end, we have examined Langmuir-Blodgett assemblies formed from mixtures of
three or five SFAs with a saturated fatty acid host. In one case we used a I 1 1:1: 1:5
mixture of ,S,4, 6SA, SIOA, SIZA, S1OA and arachidic acid; more extensive
investigations have been carried out with a 1:1:1:3 mixture of 4 S6 A.^, ,S,#, S1 , and
arachidic acid. In both cases, relatively similar behavior has been observed (Spooner
and Whitten '991). The absorption spectrum is very similar to that shown for a singlc
SFA in figure 1 and the fluorescence is rather similar (figure 3) and dominated by a
relatively long-lived component suggesting a forbidden lowest energy transition
similar to the "H" aggregate observed with a single stilbene. However, a number of
studies with assemblies of different compositions have shown that the SI-A mixture
gives very different photophysical behavior compared to assemblies of similar com-
position bult with only a single SFA. Fluorescence from a single layer or bilayer
of the SFA mixture is readily quenched when a quencher (electron acceptor such as
a surfactant viologen or cobalt complex) is incorporated into the same or adjacent
layer with hydrophilic-hydrophilic contact. Moreover, quenching by a single layer
of quencher can be effective for assemblies containing several sequentially deposited
layers as illustrated in figure 4. Thus, for the SFA mixture we observe results consistent
with the effective migration or delocalizauon of excitation over several multilayers
but overall spectroscopic characteristics associated with the "H" aggregate. This raises
several questions which we have attempted to address in recent investigations.

2 469a.05 ,- -..
/ •6SA-1 1nmixture of 6SA AA

3tW bene m,. \ Sti..bent inn, x ni m tur4 of

9ibolenps AA

/ /\~ \\,

gS

-..; i _i . .. . . . . .

350 400 450 500
Wavkeungth (nm)

Firwe 3. Fluorescence quenching of 5 layers of the stilbene mixtures vs S layers of a single
type of stilbene.
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Figer 4. Fluorescence spectra of SS,, and the stilbmne mixtures - 3s compared to a slide
containing five layers of th! stilbenc mixture, the addition of a layer of Via& (as shown
above) results in 41% (a) and 5% (b) reduction in the fluorescence intensity.

2.3 Questions concerning the "H" aggregate

The finding that mixtures containing several SFAs give absorption spectra similar to
those for a single SFA or SFA-arachidate mixture and dominated by the relatively
sharp "blue-shifted" transition near 270nm suggests that the "H" aggregate may
represent a selective association of the stilbene chromophore and not simply an
association "forced" by packing of the amphiphiles as the films are compressed.
Although the SFA mixture films exhibit limiting areas/molecules and high compress-
ibility similar to those of either arachidate or single SFA-arachidate mixtures, the
"lift off" (initial rise in surface pressure as the film is compressed) occurs for the mixed
films at somewhat larger areas/molecules than for those of simpler composition
(Spooner et al, unpublished results). This might be taken as evidence that some
association of the SFAs occurs before the films are completely compressed. While
various theoretical models of the "H" aggregate suggest a range uf sizes from fairly
small limiting numbers/aggregate to relatively large numbers of monomers, the
persistence of similar aggregate spectra and photophysical properties over a wide
dilution range for a single SFA-arachidate mixture suggests that the limiting aggregate
probably consists of a relatively small number of monomer units. We shall address
the important question of !imiting size of the aggregate a little later.

One of the interesting features of the "H" aggregate formed from the SFAs is that
it is a rather general process for a series of amphiphiles containing conjugated systems
similar to the stilbene chromnophore (Spooner et al, unpublished results). Moreover,
the absorption spectra of a series of aggregates from different amphiphiles are remar-
kably similar even in cases where significant substitution occurs that results in rather
large differences in the solution monomer spectra. Chart 2 shows the structures of
several surfactants we have found exhibiting similar behavior with regard to aggregate
formation either in pure films and supported layers or in mixtures with saturated
fatty acids of corresponding chain length. Figure 5 compares absorption spectra of
several of these aggregates in quartz-supported Langmuir-Blodgett assemblies. While
the aggregate absorption spectra are all quite similar, the aggregate fluorescence
differs substantially, depending upon the individual chromophores and these differences



Langmuir-- Blodgett assemblies and phospholipid bilayer.s 533

CH .. J.-\fiC CH)sCOOH Oc2 (CH2),OOH

*S4A

cm)(01), -OCOOH

ISCA C111(041)I802 -O -4' cJ OCH),COOH

CHX(HI)71,Oco

SOSIA

CN 3(CHI1, CH(C NS:~: %% %(CM d COCN

464A 
"

CMan2.

20.0 U6e.0 312.0 UM.0 04.0 410.0

Wavelength (AM)

FIMs S. Multilayer absorption of 1: 1 mixtume of substituted aurfactant stilbenes and

arachidic acid.



534 David G Whitten et al

I Ji V
!JI

0 , ""*.... 0

250 300 350 400 450 50

Wavelenth (Am)

FIgur 6. Comparison of solution and multilayer assembly spectra of 4 B4A.

have not yet been systematically studied. Interestingly, the strength of the aggregate
seems to be quite variable and generally decreases with extension of the a, w-diphenyl-
polyene chain. Thus 4HA and 4B4A can be rather readily diluted from "aggregate"
to monomer by dilution with arachidate (see figure 6 for 4B4A) in contrast to the
SFAs. Furthermore, addition of a small amount of functionalized surfactant with a
lower energy fluorescence than that from the SFA aggregates results in a fluorescence
spectrum dominated by the "guest" indicating that energy transfer within a single
LB film layer is very efficient.

While the presence of the "pure" "H" aggregate is easy to assess in the many cases
discussed thus far, either with a single conjugated surfactant or a mixture, the question
of different or "mixed" aggregates remains somewhat unresolved. It is tempting to
associate the small differences in fluorescence spectra for the SFA mixture shown in
figure 3 with a small amount of mixed aggregate (fluorescence occurs at wavelengths
longer than pure monomer fluorescence in solution but at wavelengths shorter than
those associated with the "H" aggregate). The presence of such a species could also
account for the efficient "delocalization" of excitation discussed above in connection
with the SFA mixture in LB multilayers. Spectral subtraction of the single SFA
aggregate from the mixture provides what might be the spectrum of a "mixed aggregate"
(figure 7).

2.4 S'ilbene fatty acid phospholipids

A different approach, which we have recently initiated, to the study of aggregate
formation with the SFA derivatives involves the synthesis and study of stilbene fatty
acid esters of phosphatidyl choline (Furman et al, unpublished results). Synthesis of
bis-SFA-phosphatidyl choline derivatives is reasonably straightforward; selective
enzymatic hydrolysis to the mono-SFA-phosphatidyl choline and esterification with
a second SFA afford phosphatidyl choline derivatives containing two different SFAs
(Furman et al, unpublished results). Chart 3 shows the structures of the three SFA-
phosphatidyl choline derivatives that we have initially studied. To date, we have
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Figure I, Absorhance (a) and fluorescence spectra (b) for bis 4S4,PC in water 4---).
methylcne chloride (---) and 1:100 ,S4,PC:DPPC in water (....).

examined the behavior of these three SFA-PC' Jerivatives in dilute organic solvents,
in water and in water-containing excess of dipalmitoyl phophatidyl cholinc (DPPC).
We have also examined the behavior of the SFC-PC's in aqueous and aqueous methanol
solutions with y-cyclodextrin. All three SFC-PC's show essentially identical behavior
in dilute methylene chloride solution. The absorption and fluorescence spectra are
nearly identical to those of the monomeric stilbene fatty acid (e.g. aSA) in the same
solvent; the fluorescence quantum yield and lifetime are also similar for the SFC-PC's
in methylene chloride to that of the SFA monomer. This clearly indicates that in a
non-polar or moderately polar aprotic solvent there is little tendency for the trans-
stilbene chromophores of the SFC-PC's to associate with one another, even though
the "local concentration" is extremely high. The three SFC-PC's all show rather
similar behavior on dispersal in pure water; boti the absorption and fluorescence
spectra are clearly those of the "H" aggregate and nearly identical to those obtained
in LB assemblies of the SFA's. Some preliminary studies indicate that the organized
assemblies formed from pure SFA-PC - presumably bilayer vesicles or multilamellar
vesicles - are much larger than those formed by similar treatment or DPPC. The
spectral behavior of the SFA-PC's in dispersions 1:100 with DPPC in water is slightly
different for each PC but in general different from either monomer or "H" aggregate
(figure 8). The absorption spectra show rather broad bands extending from the range
of the "H" aggregate on the blue to slightly beyond the monomer to the red. The
fluorescence is predominantly monomer but has at least some contribution from a
longer wavelength component.

More illuminating results are obtained from studies of the SFA-PCs in aqueous
methanol solutions containing y-cyclodextrin (Furman et al, unpublished results).
Although pure aqueous solutions give only an "H" aggregate spectrum, addition of
methanol results in conversion to a monomer absorption and fluorescence, indicating
that the bilayer aggregates are being dispersed and solubilized into dissolved monomer.
However addition of y.cyclodextrin results in a change in both absorption and
fluorescence as shown in figure 9. The changes are most pronounced for the bis( 4S6e)
PC for which both the absorption and fluorescence are clearly that of the "H" aggregate.
For bis(6S40) PC and (4 S0 6, 4S05) PC, the spectra resemble those of the same PC's
in diluted aqueous solutions with DPPC as the "host." The results with the bis(4S6E)
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PC suggest that the minimum "H" aggregate is a dimer (since models suggest it is
impossibl• to force more than two trans-stilbene units into the cyclodextrin cavity).
Thp. Jlifference between this PC and the other two examined thus far is ascribed tothe distance of the stilbene chromophore from the phosphatidyl choline head group

and glycerol backbone. For the two PC's containing shorter chains it appears
reasonable that there "s insufficient flexibility for the two stilbenes to form the "ideal"
"-H" dimer and so forced association leads to an aggregate having different spectroscopic
properties. In the case of the longer chain separation, ideal "H" aggregate geometry
can be attained and the spectroscopic properties are almost identical to those in the
extended bilayer or multilayer assemblies.

3. Conclusio

While we are still examining n-any aspects of the controlled formation of aggregates
in LB assemblies and phospholipid bilayers, the results obtained thus far suggest thatthe Fmiting spectral shifts for the aggregate can be attained with an "H" dimer and
that this species does indeed repreHent an energy minimum. The association to form
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the "H" aggregate or dimer is evidently closely related to apolar association of other
aromatic chromophores in aqueous media (Dewey et ai 1978; Diederich 1990; Smithrud
et al 1990) and may exert important control over the type of assembly formed by
these aromatic-functionalized amphiphiles. While the "H" aggregate clearly represents
an energy minimum or at least a favored aggregate, our studies with the phospholipids,
and to some extent the LB assemblies, suggest that packing forces can in some cases
lead to the formation of different aggregates having quite different photophysical
properties which may be of interest in tuning the behavior of extended arrays of these
chromophores. While these arrays of organic chromophores may be thought of as
"supramolecular" species having a commonality with inorganic quantum species such

as clusters or semiconductor colloids (Lehn 1988; Kortan et al 1990), the stereochemical
complexity of the organic chromophores makes their behavior potentially much more
complex and possibly quite versatile.
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Electron transfer through vesicle membranes: Mechanistic
ambiguities

LEIF HAMMARSTROM* and MATS ALMGREN
Department of Physical Chemistry. University of Uppsala, Box 532. S-751, 21 Uppsala,
Sweden

Abstract. We have studied transmembrane electron transfer mediated by an amphiphilic
viologen (C,,. .V") in lecithin vesicles. There is no long-range electron transfer between
viologens bound to opposite interfaces of the vesicle membrane, as is often proposed. Instead
we proposed a mechanism where the rate-determining step is the disproportionation of two
viologen radical cations (2C,,. V .*a.CsC,r1 V` +C 1, VV) forming a doubly reduced,
uncharged viologen that transfurs electrons by rapid transmembrane diffusion and subsequent
reduction of electron acceptors. Studies on other redox mediators provided further information.
A brief background to the field is given, including comments on wora done by others in
relevant systems.
Keywords. Electron transfer: membrane: viologen; disproportionatif-i mechanism.

I. Introduction

The separation of electron transfer products i- :he primary step in both natural and
artificial photosynthesis. There are basically two approaches to separation of the
initially produced "electron/hole" -pair: one is by using microheterogeneous media
(micelles, vesicles etc.) and the other is by using a sequence of electron transfer steps
between species in a relatively ordered array, as for example in covalently linked
donor-acceptor systems (CLDA) (Balzani and Scandola 1991). There are only few
examples of artificial systems combining both approaches (see e.g. Matsuo 1985,
Moore et al 1987, Krueger et al 1988, Nango et al 1988, Momenteau et al 1909,
Kobuke et al 1991. Kuginiiya et al 1991), as natural photosystems do. Using, for
example, a CLDA in a vesicle is an attractive extension of the artificial systems.
However, it is necessary to control and understand the simple vesicular systems better
before trying to incorporate more complicated molecules. Despite the great number
of articles describing transmembrane electron transfer in vesicles (for recent reviews,
see Hurst 1990, Robinson and Cole-Hamilton 1991, Lymar et al 1991), the general
understanding of these systems is still very limited, especially concerning the mechanism
of transmembrane electron transfer.

We have studied a system where an amphiphilic viologen (C16 1.V) acts as redox
mediator tr, vesicles of egg lecithin. We have fond that there is no long-range electron
transfer through the vesicle membrane betweer. viologens bound to opposite interfaces,

* For correspondence
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as is often proposed. Instead, we propose a mechanism where two singly reduced
viologen radical, cations exchange an electron in a disproportionatiou reaction. (1).

2CI6.1 .V+ -:1-C~e 1.1VI+ +C16.11 V0. (1)

The doubly reduced, uncharged species thus formed diffuses rapidly through the
membrane and reduces a secondary acceptor. By comparing with similar redox
mediators we have been able to examine detailed reaction steps and draw further
conclusions.

This article will summerize our results (Hammarstrbm et al 1992, 1993) and comment
briefly on the results of others in similar or otherwise relevant systems.

2. Transmembrane electron transfer in vesicular systems

2"1 Vesicle characteristics

A very common type of vesicle is that composed of phosphatidylcholine lipids. Some
of its properties are summarized in figure I. The zwitterionic head-group is rather
large and the two acyl chains usually contain 16 or 18 carbons, Natural lecithin is

Phosphatidylchulwei

0 _

4I/Nb 0 0 - -,=0l I o I
C 0

(Cl4 2)15

C 113 N

DOIAX

Cljq.. " 01I3

Ci1 C113

DI'IP
D14P

Figure I. A schematic cross-section of a small. unllamellar vesicle of lecithin. There are
typically • 3000 monomers; the diameter is 200-300 A and the thickness of the membrane
bilayer is a 40A,. Also shown are the structures of a typical phosphatidylcholine lipid, a
monomer of DHP, and or DODAX (see text).
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a mixture with many mono-(or poly-) unsaturated chainh. Because of the mixture
and presence of unsaturated chains the lecithin vesicles are in a liquid state instead
of a gel state at room temperature. Lateral diffusion is thus rapid, but exchange of
monomers between the different monolayers in the same vesicle or between different
vesicles is extremely slow (of the order of one day).

The most important types of synthetic vesicles are composed of dihexadecylphosphate
(DHP) or dioctadecyldimethylammoniumhalide (DODAX, figure 1). They are, of
course, highly charged and the effective size of the monomer head group is strongly
dependent on the counter-ions present. They are therefore more sensitive to per-
turbations from di- or multivalent ions - and also from complex-forming additives -
than lecithin vesicles and are thus known to fuse or to be destroyed upon addition
of several species (Carmona-Ribeiro 1992; Hurst et al 1983; Robinson et at 1990).
Vesicles of DHP and DODAX are larger than the small, unilamellar vesicles of egg
lecithin, but the thickness of the bilayer is about the same (% 40 A). As for vesicles
of non-mixed saturated phosphatidyl choline (e.g. pure DPPC), they are in a gel-state
at room temperature.

It is possible to trap water-soluble species in the internal water phase of the vesicles
since the membrane allows only very slow diffusion of most ions, and the same species
can be removed from the bulk (external) water phase by gel exclusion chromatography
resulting in an asymmetric arrangement. It is also possible to dissolve hydrophobic
species in the hydrocarbon core of the vesicle and to bind amphiphilic molecules to
the inteifaces. Thus, vesicular systems allow manifold arrangements of redox-active
species.

2"2 Mechanistic principles

There are two types of mechanisms possible for electron transfer through vesicle
membranes mediated by water soluble or interfacially bound species (figure 2). One
is diffusive, where the redox-mediator is reduced on one side and oxidized on the
other, and at least one redox form diffuses through the membrane, More than one
electron can be carried by each mediator and protonation/deprotonation can also
be involved. The diffusion can be facilitated by a carrier, for example, and the reduction/CWe ~s..b red

_.C.. Diffusion OR"I n.Olflu.o.

(. rod, 

oxi

Flpare 2. Schematic picture of the two types of mechanistic principles for tranamembrane
electron transfer discussed in the text: diffusional mechanism (top) and nitai-exchange
mechanism (bottom).
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oxidation steps of the mediator can be very complicated. The important feature is
that the diffusive mechanism does not involve long-range electron transfer but requires
transmembrane molecular motion, reversible or not.

The other type of mechanism is self-exchange between a reduced mediator on one
side of the vesicle and an oxidized mediator on the other (figure 2). In the self-exchange
reaction, the electron is supposed to be transferred via tunnelling, perhaps in several
steps if there are mediators distributed at different depths in the membrane. A super-
exchange mechanism where the hydrocarbon chains of the vesicle surfactants would
facilitate electron transfer has als-. been suggestedl. Direct self-exchange between
interfacially bound mediators, i.e. over a distance of at least 30 A, is not possible.
Simple calculations on both barrier penetration and super-exchange result in predicted
rates that are several orders of magnitude slower than the observed ones. Sometimes
it is argued that the actual transfer distance is diminished by simultaneous, momentary
and partial penetration of the membrane by two mediators on opposite interfaces
prior to their self-exchange reaction, thus depending on a sequence of coincident
events. The ideas of self-exchange mechanisms over long distances has of course been
inspired by the increasing awareness of the importance of long-range electron transfer
in biological systems (Johnson et al 1990) and of the successful work on artificial
covalently linked donor-acceptor systems (CLDA; Balzani and Skandola 1991). The
term "long-range" in those systems usually refers to 15 A or less, while the thickness
of the hydrophobic part of a vesicle membrane is :; 30 A. Furthermore, in the vesicular
systems the donors and acceptors are (usually) not linked either to each other or to
the surfactanti of the vesicle, and the hydrocarbon chains of the latter are flexible
and not linked across the bilayer. Thus there are substantial differences between the
systems that make long-range electron transfer via tunnelling or super-exchange
across the entire membrane of the vesicles much less plausible.

The self-exchange type of mechanism is electrogenic, i.e. if there is no charge
compensating ionic flow a transmembrane electric potential will rapidly build up,
thus terminating the electron transfer reaction. The diffusive type of mechanism is
also electrogenic if the diffusing species is charged, This complicates interpretation
further since the charge compensating ions are often not identified. These could be
H + /OH-, one of the redox-active species themselves or any other ions present.
Usually the rates of transmembrane diffusion of those species are not known. Thus
it is often possible to explain unexpected results by suggesting that there are different
rate-limiting steps under different circumstances. Very rapid (in the order of I ms)
rates of proton transfer through lecithin vesicle membranes have been reported by
several workers (Cevc and Marsh 1987, and references therein). If this is correct, the
charge compensation is usually not a problem since the observed rates are much
slower in most cases,

2.3 Systems with biological redox mediators

This section contains a few examples of systems relevant to the question of the
mechanism of transmembrane electron transfer. For a more complete list the reader
is referred to the reviews on this topic (vide supra).

Many biological redox mediators are large compared to the membrane thickness,
and are also, at least partially, hydrophobic. For example in a system studied by
Tabushi and coworkers (Tabushi and Nishiya 1981) cytochrome-c3 was bound to both
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interfaces of lecithin vesicles. Due to their large size (: 30 A) and partial penetration
of the membrane by cytochromes on different sides of the membrane, they could
form an aggregate acting as an electron channel through the membrane allowing for
electron transfer between the cytochromes.

There is evidence (Ford and Tollin 1982) that cholorophyll-a(chl-a) binds in a
heterogeneous manner to lecithin vesicles so that there are chl-a bound interfacially
as well as in the hydrophobic part of the membrane. The rapid transmembrane
electron transfer observed in this system (kobs > I 0's - I ) can be explained by a sequence
of electron transfer steps between chl-a molecules distributed at different depths in
the membrane. The distance in each step can then be small or of moderate size (a
few Angstr6ms).

Transmembrane electron transfer between hydrophobic Mg-porphyrins linked by
spacers of different lengths to hydrophilic "anchors" on different interfaces of the
membrane has been studied (Dannhauser et a! 1986). No electron transfer was
observed until the edge-to-edge distance between the porphyrins was 4 A or less.

There are several systems with porphyrins that exhibit transmembrane electron
transfer. For photoinduced reactions in many systems, it has been observed that the
transmembrane electron transfer is a two-photon process. This has sometimes been
taken as evidence for a long-range self-exchange reaction between a photo-oxidized
porphyrin on one side of the membrane and a photo-excited or photo-reduced
porphyrin on the other (Katagi et a! 1981, 1982; Lymar et al 1991). However, in other
systems there was a carrier for the electron acting as a mediator via diffusion between
the porphyrins (Matsuo et at 1980). A two-photon ionization of a porphyrin dimer
on one side of the membrane has also been proposed as the initial reaction step,
explaining the quadratic dependence on the number of photons (Jusupov et al 1985).
It seems possible that the relatively hydrophobic porphyrins could be distributed in
the membrane in the same way as the chl-a (vide supra) allowing for short-range,
multi-step electron transfer, even if some results indicate that most porphyrins are
located closer to the interface of the membrane than to the middle (Lymar et a! 1991).
In the latter case the observed two-photon dependence could be explained by the
dimer-process according to Jusupov et a! (1985).

2"4 Systems with viologens as mediators

Viologens constitute a very important class of redox mediators (Bird and Kuhn 1981).
Usually the substituents on the nitrogens of the bipyridine rings are simple alkyl
groups (figure 3). but several compounds with, for example, charged substituents have
been synthesized (Summers 1991). The alkyl st.bstituted viologens are in the following
abbreviated C,.,. V where n and n' are the number of carbons in the substituents. The
air-stable form is a dication which can be reduced to the radical cation, which under
certain circumstances can be further reduced to the electro-neutral, doubly reduced
form. The redox steps are reversible and an equilibrium constant, Kj, for dispro-
portionation, (I), can be defined as below:

K, = (QtC,. V÷ + ][C,..,. V] )/[C,.,. v4 +z. (2)

This equilbrium has been studied in several homogenous media (Bird and Kuhn
1981; Mohammad et a! 1981). Viologens are also known to form dimers; in particular
the radical dimer has been studied, but mixed dimers are also known to exist (Bird



544 Leif Hammarstrom and Mats Aimgren

0
NH 2

+

Flgnqre 3. The redox mediators used (from top): C,,.. V" ,C 6 ".CNA".

CdS

MV2+

OtrodSMVr,

Fl•gre 4. The system of Tricot and coworkers. Shown is the configuration where both CdS
and MV2 are in the interior of the DHP vesicles, The curved lines represent the interfaces
of the membrane where the exterior is to the left and the interior to the right of the lines.

et al 1981). The different redox forms are spectroscopically distinct and can thus be
detected by absorption spectroscopy.

Tricot and coworkerc (Tricot and Manassen 1988; Tricot et al 1991) have used
colloidal particles of CdS adsorbed to DHP-vesicles as photoexcited electron donors
with water soluble methylviologen (MV 2 ÷) as acceptor (figure 4). By combining
absorption spectroscopy and electrochemical detection they were able to distinguish
between viologen radicals in the internal water phase of the vesicles and those in the
bulk phase. They concluded that there was no photostimulated diffusion of oxidized
MV2 + through the membrane, but upon reduction of internal viologen the radical
(MV *)diffused through the membrane. Since no viologen was initially present outside
the vesicles this excludes the poss-bility of the self-exchange type of mechanism (vide
supra). Note that it is not possible to conclude from these experiments alone in what
form the reduced viologen is diffusing, e.g. if it is MV+ or MV0 that is actually
transversing the membrane. Electron transfer in this system also occurred between
CdS on the outside and MV2 

+ on the inside of the vesicles, but only at high loadings
of CdS on the vesicle and at high light-intensities. It might be suspected that under
those conditions there is some critical perturbation of the vesicle that induces
tranimembrane diffusion and/or partial penetration of the membrane by species
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otherwise membrane impermeable/impenetrable. Especially in steady-state illuminated
systems, photostimulated diffusion has proved to be a problem as pointed out by
the authors (Tricot and Manassen 1988). Tricot and coworkers found that the CdS
particles penetrate the membrane to some extent and this must perturb the membrane
locally due to the large size of the CdS particles.

A diffusional model for transmembrane electron transfer with a conjugation of
inward flux of C.,..V÷ and outward flux of CM...V 2 ÷ for alkylviologens in lecithin
vesicles has been developed (Tabushi and Kugimiya 1984, 1985). The authors divided
the reaction in steps of entrance of viologen radicals into the membrane and exit to
the opposite water phase. They claimed that, in stopped-flow experiments, a steady-
state was obtained where the viologen fluxes and the rates of reduction by external
dithionite and oxidation by an internal electron acceptor were the same. It has been
shown that the oxidized C.,..V"÷ does not permeate the membrane of a lecithin
vesicle (Zamaraev et al 1988; Hammarstrom et at 1992). Also, the kinetic trace shown
(Tabushi and Kugimiya 1985) for the fastest mediator used, C4.4.V2 ÷, exhibits almost
no change in concentration of viologen radical between 20 and 30 s (taken as evidence
for steady-state kinetics) which is not consistent with later results (Zamaraev et al
1988) where the observed rate in an identical experiment with C1,V 2 + was of the
order of one second. According to the figure caption (Tabushi and Kugimiya 1985),
the amount of internal, secondary acceptor was too small to be able to re-oxidize
all viologen since two equivalents are needed (vide infra), which explains the long-time
stability of the viologen radical. Considering the discrepancies with the results of
other groups as indicated above, this model of flux conjugation can be rejected.

Ru(bpy)2 + -sensitized transmembrane electron transfer mediated by alkylviologen
in phosphatidy~choline vesicles was studied by flash-photolysis (Khannanov et at
1987). The authors found no dependence of the observed rate on the ratio of viologen
to lipid, which is an argument against self-exchange mechanisms since they depend
on the probability of two viologens diffusing to adjacent positions on opposite sides
of the membrane. Note that the increase in viologen/lipid ratio does not necessarily
result in more viologen radical produced by each laser flash if there is already an
efficient quenching of the excited Ru(bpy)"+. Thus, it was not shown how the
observed rate varies with the surface concentration of viologen radical. The authors
suggested that diffusion of viologen radical was responsible for transmembrane
electron transfer, and their interpretation of the temperature-dependence supported
this suggestion. However, they unexpectedly found that the observed rate was
independent of the length of the alkyl chains of the viologens, contrary to what was
found in stopped-flow experiments by others (Thompson et at 1987; Zamaraev et at
1988).

A combination of self-exchange and viologen radical diffusion was proposed by
Zamaraev and co-workers in a system where C,, 16. V2 ÷ mediated electron transfer
from dithionite (stopped-flow) or excited Ru(bpy), (flash-photolysis) on one side
of lecithin vesicle membranes to Fe(CN)- or C.,.N.V3 on the other (figures 5 and
6, Lymar et at 1991, And references therein). If, in the stopped-flow experiments,
FOCN)' - was absent ume observed rate was proportional to the viologen/lipid ratio
and electron tunnelling between viologens on different interfaces of the membrane
was proposed to be rate-determining, If Fe(CN)," was present the observed rate
was somewhat slower and independent of the viologen/lipid ratio, in which case it
was proposed that a charge-compensating transmembrane diffusion of viologen
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Cim.seV24 re(CN)2'

Filure 5. The system of Zamaraev and Figure 6. The mechanism for viologen-mediated
coworkers. Shown is the configuration where transmembrane electron transfer proposed by
ditlhionite is used as reductant (SO; reduced Zamaraev and coworkers and by Hurst and

the viologen after the equilibrium SO 2 O "-_ coworkers.
2 SOj I. When excited Ru(bpy)'* is used as a
reductant it is dissolved in the vesicle interior
and Fe(CN)3" is in the exterior.

radical was rate limiting, The independence of the rate on the lipid/viologen ratio is
a surprising observation which is not consistent with the proposed mechanism. Any
charge-compensating transmembrane diffusion of ions in the case without Fe(C'N),
would be active in the case with Fe(CN) - and would give the same observed rate
and rate-dependences. A proportional dependence of the observed rate on the
viologen/lipid-ratio was later observed in identical experiments with C,,,. .V2 + and
internal Fe(CN)3- (Hammarstri~m et al 1992P.

An important finding was that, with an excess of both external (membrane impermeable)
dithionite and internal Fe(CN) -, all viologen on the vesicle exterior migrated to
the interior and was trapped there as the membrane impermeable dication (Zamaraev
et al 1988). This was explained by transmembrane diffusion of the viologen radical
and its subsequent reoxidation by internal Fe(CN). -, In flash-photolysis, the observed
kinetic trace deviated from a single exponential and could be accounted for by a
model where the created transmembrane electric potential following tunnelling of
one electron slows down the tunnelling of the next (Lymar et al 1991). This model
assumed that the rate of the charge-compensating ionic flow was slower than the
electron tunnelling. The observed rate at large number ( s 8) of transferred electrons
per vesicle agreed with the observed rate in the stopped-flow experiments. In this
case the rate of electron tunnelling was supposed to be retarded so that it was equal
to the rate of charge-compensating diffusion of ions. However, the observed rate
constant in stopped-flow experiments varied between I and 6s ' when the viologen/
lipid ratio was varied (Khramov er al 1987), while charge-compensating diffusion
would not be dependent upon that ratio. Note also that second-order kinetics, as is
predicted by our mechanism (vide Infra), result in qualitatively the same behaviour,
i.e. the kinetic trace can be divided in parts, each of which can be fitted to one single
exponential with a rate constant that is somewhat different from the others. Unfortu-
nately, no value was given for the observed rate constant when less than eight viologen
radicals were produced per vesicle. In case of second-order kinetics the rate would
be slower when the surface concentration of viologen radical is lower, as observed
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in pulse-radiolysis (vide infra), while the model of Zamaraev and co-workers predicts
that the rates would be the same so long as an equal number of electrons has been
transferred per vesicle. It is very difficult to discriminate between different kinetic
models by the shape of the kinetic traces, especially considering the low signal-to-noise
ratio usually obtained in flash-photolysis experiments in vesicular systems.

Transmembrane electron transfer mediated by viologens with alkyl chains of
different lengths has been extensively studied in DHP vesicles (Hurst 1990 and references
therein; Lymar and iiurst 1992). T he authors proposed basically the same mechanism
as Zamaraev and co-workers (figure 6), based on several experimental indications,
The major experimental support comes from the kinetics and stoichiometry of the
redistribution of viologen between the outside and the inside of the vesicle upon
reduction by external dithionite. Interesting differences in behaviour between C,,. F.V2

with n > 12 and n < 10 was observed in several types of experiments, indicating that
there are at least two binding sites available at the external interface of the vesicle
for viologens with n i 12. For n a 10. all -. ologen reduced by dithionite on the outside
migrated to the inside of the v",,,ce if there was an excess of C,..V'* acting as
electron acceptor in the vesici, intetior. When n >, 12 not all external viologen moved
to the interior (Hurst 1990; Lymar and Hurst 1992). The authors explained this by
proposing that some ol the viologens with longer chains were bound to the outer
interface of the vesicle in a way that they could not diffuse through the membrane
as radical cations (C,, .V÷). The proposed electron tunneling pathway should
therefore be blocked due to lack of charge-compensating ion flow. As a consequence,
addition of lipophilic cations, allowing for charge compensation, would increase the
amount of reduced acceptor (internal C ,. V2 ) in the vesicle interior, as was indeed
observed. The same effect of lipophilic cations was observed when the external
viologen had extra charged groups attached (Patterson and Hurst 1990). However,
N-methyl-4,4'-bipyridine (M B ÷) was used as lipophilic cation, and the authors have
later shown that the oxidized form (MB +) does not permeate the membrane of vesicles
composed of DHP (Lymar and Hurst 1992). Reduced N-cetyl-4,4'-bipyridine (C, 1B31

figure 3) has been shown to rapidly permeate lecithin vesicles (Hammarstr6m et ul
1993. vide infra). It seems probable that the dithionite in the system of Hurst and
coworkers was able to partially reduce MB' to MB 0 which rapidly diffused across
the membrane and reduced viologen in the vesicle interior, in which case it was not
a question of charge-compensation. Note also that the same redistribution
stoichiometry is expected from the mechanism of Zamaraev and others and Hurst
and others and the disproportionation mechanism proposed by Hammarstrom and
coworkers (vide infra).

3. Results and discussion

We have studied transmembrane electron transfer mediated by cetylmethylviologen
(C 16, V V2 +) in lecithin vesicles, mainly by pulse radiolysis and stopped-flow techniques
(HammarstrLm et al 1992, 1993). The advantage of these methods is the rapid
reduction of viologen to a great extent compared to photoinduced methods. This
allowed us to study the kinetic dependence on various parameters. In photoinduced
experiments the slow rate and/or small extent of reaction may allow background
processes to be significant and photostimulated diffusion might occur.
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3'1 Kinetic studies

We have used different arrangements of he system as described in figure 7. In vesicles
of type I the amphiphilic viologen was bound to both interfaces of the vesicles, while
in type II it was bound only to the outside. In vesicles of type [Ii and IV, Fe(CN)3-
was present in the internal water phase as an acceptor. The kinetic traces from
dithionite-induced reduction in stopped-flow are shown in figure 8. In all types of
vesicles a fast reduction of external viologen by dithionite was observed, which obeyed
pseudo-first order kinetics since dithionite was in excess. In vesicles of type 11 (figure
8b) the absorption signal from the viologen radical was quite stable after that, while
in type I (figure 8a) a slower reduction step was observed. In vesicles of types III and
IV, identical kinetic traces were observed (figure 8c) where the initial fast reduction
was followed by a slower reoxidation of viologen by the internal Fe(CN)3 -. Figure
8d shows the trace of the absorbance at 420nm where the extinction coefficients for
C1 6' 1.V and Fe(CN)3- are 2600 and IOOOM-I cm- 1 , respectively. It can be seen
that the initial, rapidly produced signal from the viologen radical decayed simult-
aneously with bleaching of Fe(CN)l-, and from the amplitudes of the phases it can
be shown that two Fe(CN)I- were reduced for each viologen initially reduced on
the outside of the membrane. Even though dithionite was in excess, all viologen was
in oxidized form at the end of the reaction. The stoichiometry and the complete

migration of reduced viologen to the vesicle interior was also confirmed by careful
measurements in a spectrophotometer, and is consistent with the earlier observations
for C1 6,. 6,VN2 (Lymar et al 1991; vide supra). The kinetics and observed rates for

Type r I Type 11

Type ~IIITp V 011

FIgure 7. The types of vesicle configurations used by Hammarstrdm and coworkers, The
curved lines represent the interfaces of the membrane and the "ball-and-stick"-structures
represent the amphiphilic viologen. The flilure shows viologen distributed on both Interfaces
(types I and i11) or only on the outer (types I! and IV). In types III and IV, Fe(CN)." is
present in the interior. The buffer used wu 50 mM phosphate (pH - 8).
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Figuire & Kinetic traces from stopped-flow reduction of vesicles. The absorbance at 602 nm
was followed: (a) type I. Ib) It, (c) IlI and IV; (d) the absorbance followed at 420 for the
same solution as in 8c. In c and d the residuals from a second-order fit for the part of the
curve belwecen the arrows are shown. Note that in Ha-b solutions were less concentrated
than in 8c -d, hut the viologen/lipid ratio was higher. (Reprinted with permission from
Hanmmarstrcm et al 1992. (e) 1992, Am. Chem. Soc.)

the fast reduction step wcre the same for all types of solutions if the concentration
ofdithionite was the same. The slower step could in all cases be fitted to a second-order
kinetic model, and the rate was the same for types III and IV (figure 8c, decaying
signall and also for type I (figure 8a, growing signal) if the viologen/lipid ratio was
the same. This is the transmembrane electron transfer step where external viologen
mediates reduction to internal viologen (type 1) or Fc(CN)'- (types III and IV). The
identical behaviour of vesicles of types Ill and IV shows that transmembrane electron
transfer proceeds in the same way irrespective of the presence or absence of viologen
on the internal int-rface of the membrane, an observation excluding self-exchange
types of mechanisms.

I-or vesicles of type IV the viologen/lipid ratio was varied in stopped-flow experiments
and the observed rate was found to be proportional to this ratio (figure 9). This
shows that the transmembrane electron transfer is second-order in viologen radical
on the outer interface of the vesicle ([C 16,.V÷]o,* Such a dependence was earlier
found in vesicles equivalent to type I, i.e. with C t,..V 2  present on both interfaces
and no FcICN)3 but was interpreted as a first-order dependence on both [C, V +I.
and 1(.I,, If 0, . (Khramov et al 1987).

We also varied the extent of reduction of viologen on the outer interface of vesicles
of type IV by pulse radiolysis (figure 10). The rate was found to be proportional to
the surface concentration of viologen radical produced by the radiation pulse. If the
line fitted to the data is extrapolated to 100% reduction of viologen (=24 pM) the
observed rate is - 5 s , which is in excellent agreement with the rate obtained in
the stopped-flow experiments (100% reduction by dithionite in excess) for the same
viologen/lipid ratio (1:100). Together this shows that the rate of transmembrane
electron transfer is second-order in [C , ,. V ]., and independent of [C1 6. .V2 +1ou
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Figure 9. The rate (inverse half-life) versus the ,iologen/lipi ratio for stopped-flow
reduction of vesicles of type IV (100% reduction). Each point is an average of4-8 individual
determinations for the same vesicle preparation. The standard dev~ation (not shown) was
less than the size of the points. The line is a least-squares fit to the data. (Reprinted with
permission from Hammarstrim et al 1992, © 1992, Am. Chem. So,-.)
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Fignre 10. rhe rate (inversr half-life) versus the concentration o(f external viologen radical
immediately after the palse for pulse radiolytic reduction of vesicles of type IV (partial
reduction). All data are individual determinations for the same vesicle preparation. The line
is a least-squares fit through the origin.

and [C1 ,. V2 *],.. This excludes both self exchange types of mechanisms and simple
diffusions of viologcr radicals.

3.2 Mechanism

The mechanism we propose for the transmembrane electron transfer mediated by
viologen is shown schematically in figure 11. The rate-determining step is the dispro-
portionation, (1), of two viologen radicals forming one oxidized C,,' ,V" and one
doubly reduczd C1 6,t,V°. This uncharged viologen diffuses rapidly through the
membrane and is re-oxidized by Fe(CN)I- in two steps. There is never any detectable
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CMV+ c•v

Figure II. Reduction scheme for the mechanism proposed by H-ammarstrom and
coworkers. The scheme depicts the situation in pulse radiolysis where •here is no external
reductant after the first lOOps. The viologen used (C1 •, ,. V2 ÷) is denoted CMV2 . Thc
indiv'idual steps are marked by their rate constants: lcd, kt, ki and kil for the disproportionationc,
transmembrane diffusion and for the two --teps of re-oxidation by Fe(CN)•-, respe'tively.

amount of C1 •' 1.V° present. The rate of conproportionation, i.e. the reverse of (1),
is slower than thc transmembrane diffusion and re-oxidation of 16" 1 V°. This explains
the observed independence on [C 6" tV2+']o0 ,Q while second-order dependence on
['C1 6 ' r.V+]ou is explained by the rate-determining bimolecul~ar disproportionation.
We have found no other mechanism explaining the same rate-dependencies and
stoichiometry. Formation of radical dimers (C1 6,1 .V + ) is a bimolecular reaction
between viologen radicals, but the dimers are larger and more highly charged than
the radical monomers, so there is no reason why transmembrane diffusion of the
former would be faster than that of the latter. Also, diffusion of radical dinmers is not
consistent with the stoichiometry in the re-oxidation by Fe(CN)•-. Note that, since
the external reductants produced in pulse radiolysis (alcohol radicals) recombine
within lOOps, disproportionation is the only possibility of forming significant amounts
of doubly reduced C1 6 ' 1.V°.

Under the experimental conditions, it was not possible to directly produce measurable
amounts of C1t6, r V0, hence N-cetyl-4,4'-bipyridine (C1 6 B +, figure 3) was used as a
model compound for the viologen. The singly reduced form (Ct 6 B0 ) is structurally
very similar to the doubly reduced C16 ' 1.V° and both species are uncharged. Thus,
the rates of transmembrane diffusion for the two species is expected to be very similar.
By pulse radiolysis we were able to study transmembrane electron transfer mediated
by 1t 6 B+ in vesicles equivalent to type IV (Hammarstrom et cal 1993). The observed
rate (1.5 x 105 s-') was independent of the extent of reduction of C1 6 B+. The
mechanism for the reaction was simple reduction of Ct 6B + to C t6 B° by the radiation
pulse. The uncharged form diffused through the membrane and was re-oxidized by
Fe(CN)• - in the vesicle interior. Assuming that the rate of transmembrane diffusion
of Ct. t.VO is the same as for Ct 6

0B, this observed rate is probably large enough,
as compared to the conproportionation, to explain the negligible influence of the
latter on the overall mechanism (vide rnfra).
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N-cetyl-nicotinamide (C16 NA+, figure 3) was shown to mediate transmembrane
electron transfer by the same simple mechanism as C16B*, i.e. by diffusion of the
singly reduced C1 6NA°, but the observed rate was much lower (3 s- 1), probably due
to the relatively high polarity of the amide group (Hammarstr6m et al 1993). This
shows the sensitivity of the transmembrane diffusion to differences in structure and
polarity.

3.3 Disproportionation equilibrium

The equilibrium constant of disproportionation can be calculated according to (3),
since both redox steps are reversible;

log,, Kd = (E, -- E0
1)/0'060. (3)

In homogeneous media it is rather low. For methylviologen in water the first and
second reduction potentials are reported as - 0.45 V and - 08 ± 0.1 V vs NHE,
respectively (Bird and Kuhn 1981) yielding a value of K_= 10-'-10-1. The low
solubility of the doubly reduced MV° in water is the cause of the large scatter in the
data for the second reduction step. Heterogeneous media, e.g. vesicles, will increase
the solubility of all redox forms of C,,.V due to the variety of environments prevalent.
As a consequence, the disproportionation must be much more favourable in such
systems. Attempts to measure the redox potentials of amphiphilic viologens in
membranes have been made by several authors and the potentials reported for C 16. 1. V
in lecithin vesicles are - 038 V and - 066 V vs NHE respectively, i.e. AE' = 280 mV
(Lei and Hurst 1991), This yields a value of K, = 2 x 1o0-. However, the measured
redox potentials for a microheterogeneous system must be corrected for the different
distributions of all redox forms over all phases present, and the different responses at
the tool of measurement (the electrode, redox dye etc.) from species in different phases
must be considered. In principle, this situation could be handled if all relevant
distribution constants and relative measurement responses were known. However, in
practice this is not the case, especially since there are a variety of interfacial equilbrium
sites for the different redox forms, If the "true" AE' i.e. the kinetically relevant AE'
in (3) equals - 180 mV a rate of transmembrane diffusion of [C1 61 F V°J % 1.5 x 10t s- I
(vide supra) is sufficient to explain the negligible effects of conproportionation
(Hammarstr6m et al 1993).

4. Conclusion

A common feature of the mechanism of transmembrane electron transfer in the
systems we have studied is that the transfer step is the diffusion of an uncharged
form of the redox mediator. For C 16 B* and C16NA" there is a simple one-step
reduction preceding the transmembrane step, but for C 6. .V2 + the formation of
C16.,. VO proceeds througn a rate-determining disproportionation, We have shown
that there is no long-range self-exchange (electron tunnelling) between viologens as
is often supposed. A disproportionation mechanism has been proposed earlier in
water-in-oil microemulsions (Goren and Willner 1983) and we suggest that it might
be general for viologen in microheterogenous media.
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Sunlight-initiated cycloaddition reactions of the benzene ring
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Abstraet. Both 1,2-(ortho) and 1.3-(meta) cycloaddition of ethenes to the benzene ring can
be accomplished using sunlight-initiated chemistry. The process is most effective for arenes
which have both electrun-donor and electron-acceptor substituents and occurs both
inter- and irl •amolecularly giving an inexpensive and convenient access to complex molecular
skeletons fl',m readily available starting materials.

Keywords. Sunlight; photocycloaddition; benzocyclobutene; triquinane.

1. Introduction and brief historical perspective of sunlight-initiated chemistry

There are many examples, dating back several thousand years, of the importance of
sunlight in middle-eastern cultures (Morsi and Abdel-Mottaleb 1991). The study of
photochemistry as a science, however, is widely regarded as having its origins during
the late 19th and early 20th centuries. During this period, numerous reports appeared
describing the sunlight-initiated reactions of organic compounds (Singer 1986;
Carassiti 1988; Roth 1988; Morsi and Abdei-Mottaleb 1991), For example, Sestini
(1866) had published the first paper on the solution photochemistry of santonin and
Fritzsche (1867) had observed the photodimerisation of anthracene but referred to
the product as a "para body". Liebermann (1877) and Breuer and Zincke (1878) noted
the bleaching of the yellow crystals of thymoquinone and 2-phcnylnaphtho-1,4.
quinone respectively in sunlight, and these photoreactions were later ,hown to be
the first observed examples of (21r + 2a) cycloadditions of ethenes. By 1902 the
cyclobutane nature of the products of the photodimers of ethenes had been established
by Riiber (1902), and cis-trans isomerisation of cinnamic acid in sunlight had been
reported by Perkin (1881) and by Liebermann (1890). The photoreduction of
1,4-quinones and their light-induced reactions with aldehydes attracted much attention
at this time, Such interest in these reactions caused Heinrich Klinger (Klinger and
Slandke 1891), one of the principal investigators of these processes, to refer to them
as Synthesen durtch Sonnenlicht.

It was during this period that Ciamician and Silber at the University of Bologna
were carrying out their extensive and thorough investigations into the sunlight-
initiated chemistry of organic compounds (Carassiti 1988). Indeed so great was their
contribution at that time that Ciamician was later described as "the father of

*For correspondence
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photochemistry" (Turro 1965), and 1900 as the year which "marks the basic date in
the history of photochemistry" (Nasini 1929).

Ciamician and Silber were, however, far from being alone in recognising that
sunlight could induce such remarkable changes in the molecular structure of organic
compounds. One of their more notable fellow pioneers of the time was the Italian
chemist Paterno. His major contribution arose from the observation that exposure
of solutions of benzaldehyde and 2.methylbut-2-ene to sunlight produced an oxetane
(Paterno and Chieffi 1909). The importance of this work was not fully appreciated
until much later when Buchi and coworkers greatly extended the scope of the process
(Buchi et at 1954) and this reaction is now fittingly known as the "Paterno-Buchi"
reaction.

The appointment in 1937 of Alexander Schonberg to the Chair of Chemistry and
as Director of the Chemistry Department at the University of Cairo increased interest
in the study of sunlight-initiated processes in Egypt. From this time until his return
to Berlin in 1958, Schonberg, in collaboration with Mustafa, produced a considerable
number of publications describing the outstanding achievements of the Egyptian
research group (Singer 1986).

Interest in sunlight-initiated processes during the past 35 years has, however, almost
exclusively concentrated on the conversion of solar energ.' into more versatile energy
sources but, at the same time, photochemistry has been shown to be a viable and
useful synthetic technique (Horspool 1984: Coyle 1986). As noted recently, however,
the photon may be a clean and convenitnt reagent but it can also be expensive to
generate from artificial sources (Hulsdunker et at 1992): hence the growing interest
in "solar chemistry" and a desire for Synthesen durch Sonnenlicht.

2. Results and dlscusion

With few exceptions, early studies on sunlight-initiated processes of organic
compounds have been concerned with the reactions of ethenes, carbonyl compounds,
and diazo and diazonium compounds. In contrast, our interest is in inducing reactions
of the benzene ring using sunlight. These studies originate from our investigations
in the early 1960's on the photochemistry of ground-state charge-transfer complexes
between dienophiles and benzenoid compounds. The complex between maleic
anhydride and benzene absorbs at longer wavelengths than either of the components
and "tails" well beyond 290nm (Andrews and Keefer 1964). Excitation within this
charge-transfer absorption band results in the formation of the 2:1 cycloadduct 1
(Angus and Bryce-Smith 1959). The process can be sensitised by aromatic ketones
of triplet energy greater than 275 kJ mol -' (Schenck and Steinmetz 1960) and both
sensitised and unsensitised reactions occur on exposure of the solutions to (Reading)

1
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1 "2(ort 1,3-(n ,4.(par.)

Ill

Scheme 1. Modes of photocycloaddition of ethenes to the benzene ring.

sunlight (Bryce.Smith et al 1902). The 2:1 adduct has attracted considerable interest
not only because it was the first photoaddition product of the benzene ring reported
but also because of its potential to yield condensation polymers of high thermal
stability with diamines and because the diimide derivative shows appreciable cytotoxic
activity (Lomax and Narayanan 1984),

However, the process is remarkably limited and despite the ready formation of
derivatives of I from 313 nm radiation of solutions of maleic anhydride in alkyl
benzenes (but not alkoxybenzenes), only the parent compound can be obtained using
sunlight initiation: from the other systems maleic anhydride-based polymers are
obtained (Bryce-Smith et al 1962). It has now long been recognised that excitation
within charge-transfer bands is not a prerequisite for photocycloaddition to the
benzene ring, and numerous products derived from 1,2-(ortho), 1,3-(meta), and
1,4-(para) cycloadditions (scheme 1) of ethenes have been reported. The majority of
the arenes in these reactions require 254 nm radiation for excitation and, of course,
their reactions are not initiated by sunlight. Recently, we have recognised that a
combination of both electron donors and electron acceptors as substitutents on the
benzene ring not only provides functionalisation of the carbon skeletons of the
cycloadducts, but also, and importantly, leads to a red-shift in the arene absorption
beyond 300 nm while maintaining the lowest n, ir* excited state. These arenes can be
directly excited using the shorter wavelength components of sunlight and by employing
this simple and inexpensive methodology, functionalised complex carbon skeletons
can be readily and conveniently accessed, The following cycloadditions to the benzene
ring can all be induced by exposure of solutions of the reactants to sunlight.

2.1 1,2-(Ortho)-photocycloaddtlton

There is a correlation between the pmferred mode of cycloaddition (ortho versus
meta) of an ethene to the benzene ring and the relative electron do"- --.ectron
acceptor characteristics of the addends. This donor-acceptor relationsl ,. s been
estimated by ionisation potential differences (Bryce-Smith and Gilbert 1977) a~ad more
rigorously by the magnitude of the free energy charge AG0 of electron transfer between
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Scheme 2. Cycloaddition of ethyl vinyl ether to 2- and 4-cyanoanisoles.

CN

NC NC

""C M CN GM.
OQ~e

OMe CN , 1  CN (10%)

NC GM0

NC JNC)
N . (20%)

OMe ome

Scheme 3. Cycloaddition of acrylonitrile to 4-cyanoanisole.

the addends (Mattay 1985). Thus the ortho cycloaddition is favoured for addend
pairs which have an electron donor-electron acceptor relationship whereas the meta
process predominates or is the sole reaction for systems in which this feature is not
evident. For example, enol ethers undergo cycloaddition at the 1,2-positions of
benzonitrile, whereas cycloalkenes add at the 2,6-positions of toluene. When both
electron donor and acceptor substituents (e.g. cyano and methoxy groups) are present
on the benzene ring, then arene absorption allows sunlight excitation. Furthermore
when the substituents are in conjugative positions (i.e. 1,2- or 1,4-substitution), the
sites of ortho addition of electron donor and electron acceptor ethenes reflect the
donor/acceptor natures of the arene substituents: this regiochemical feature is
illustrated by the ortho cycloaddition products of acrylonitrile and ethyl vinyl ether
with 2- and 4-cyanoanisoles shown 'n ichemms 2 and 3 (AI-Jalal et at 1988). The
formation of azacyclo-octatetraenes by the novel addition of the ethene cyano group
to the benzene ring has been well-documented by AI-Jalal (1990).
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The primary cycloadduct from such 1,2-disubstituted benzenes is thermally labile since
the common sigma bond in the bicyclic skeleton is weakened by the electron-donor
and electron-acceptor groups. Disrotatory ring opening gives the cyclo-octatriene
which absorbs in the 320 nm region and hence in sunlight undergoes disrotatory ring
closure to yield the bicyclo[4.2.O0octa-2,7.diene as the sole product, This type of
reaction also occurs intramolecularly with 4-phenoxybut-l-enes substituted with
electron acceptor groups in the 2'- or 4'-positions (Cosstick et al 1987; Wagner and
Nahm 1987). For example, 4-(2'-cyanophenoxy)butAl.ene undergoes an essentially

(R (R) R (R 0

RCN or CO2M@

Scheme 4. Inlramolecular cycloaddition of 4.phenoxybut-l-enes.

quantitative conversion to the 4-oxatricyclo [7,2.0.0.' ] undeca-2, 10-diene in sunlight
(scheme 4). We have demonstrated that the formation of the triene can bc quenched
by common triplet quenchers but that the subsequent closure to the tricyclic system
is not influenced by the presence of 1,3-dienes. The primary process is thus deduced
to be a rare example of cycloaddition to the triplet state of the benzene ring, whereas
the secondary photoreaction arises from the triene singlet state.

When both substituents of the benzene ring are electron donors or electron acceptors,
excitation of the nn* transition of the arena is possible in sunlight. In such cases, if
the ethene is a powerful electron acceptor or electron donor, respectively, substantially
complete electron transfer can occur. For example, irradiation of methanol solutions
of the 1,4-dimethoxybenzene-acrylonitrile system leads to substitution of the
benzene ring by initial formation of the radical ion pair (Ohashi et al 1976, 1977).
We have, however, adapted this system, as shown in scheme 5, to yield the benzocyc-

O MM C N v 1C N 6 r3  JM O

C H,, MOOmoo

Scheme 5. Photocycloaddition or acrylonitrile to 1,4.dimethoxybenzene in non-polar
solvents.

lobutene which has been used as a synthon in alkaloid and steroid synthesis (Kametani
1979, 1981) by the simple expedient of mediating the electron transfer by using a
nonpolar solvent. In this case, the reaction can be run to complete consumption of
the arene. and decanting the reaction solution from the immiscible ethene photodimers
(AI-Jalal and Gilbert 1983) allows an almost quantitative yield of the ortho cycloadduct
to be obtained.

2.2 1,3.(Meta) photocycloaddition

The formation of meta photocycloadducts results in the greatest increase of"molecloar
complexity" (as defined by Hertz 1981) of any general reaction. The importance of
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Scheme 6. Regiochemistry of mewS cycloaddition of ethenes to substituted benzenes.

254 nm
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Intorcorvorsion by elhenylcylopropane-cb.Iopentene reoarngement

this process in synthetic organic chemistry has been elegantly d.monstrated by
Wender and co-workers by its use in a number of sequences to complex target
molecules. As Wender notes "the value of the arene-alkene meta photocycloaddition
(to synthetic organic chemistry) can be seen to arise from its capacity to produce a
cycloadduct with three new rings and up to six new stereocentres, an impressive feat
even when compared with the highly regarded Diels-Alder cycloaddition." (Wender
1990).

The basic feature of the widely accepted mechanism of meta photocycloaddition
involves devwlopment of charge in the S1 arene on approach of the S, ethene. The
addends orient with respect to each other in order that the stabilisation of the
developing charge centres in the C6 ring by the substituents is maximised: this accounts
for the observed regiochemistry of the reaction (scheme 6), In 1,3-disubstituted
benzenoid compounds such as 3-cyanoanisole, the charge stabilisation and hence the
directing effects of the electron-withdrawing and electron-donating groups reinforce
one another to give the orientation of the addends shown in 2. Delocalisation of the
developing allylanion system by the cyano group promotes the intramolecular
cyclisation giving the cyclopropane ring to favour formation of the I-methoxy-4-
cyano- rather than the l-methoxy-2-cyano-dahydrosemibullvalene. Exposure of the
3-cyanoanisole- cyclo-octene to sunlight yields the two isomers I and 4 in the respective
ratio of 1:1.5 initially. This ratio changes with time reflecting the interconversion of
the adducts photochemically and thermally by an ethenylcyclopropane-cyclojx.atene
rearrangement. Indeed 3 or 4 may be obtained essentially free from the other isomer
by the respective use of 254 nm radiation and heating at 150TC. The formation of
these meta photocycloadducts comprise the first reported example of sunlight-initiated
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meta photocycloaddition of an ethene to the benzene ring, but the process appears
to be general for alkene additions to arenes 1,3-disubstituted with electron-donor
and electron-acceptor groups and is currently being extended to the non-conjugated
bichromophoric systems of type $.

3. Experimental

All sunlight-induced reactions were carried out in a double-walled Pyrex apparatus.
Solutions of the reactant(s) in cyclohexane or methanol under air were placed in the
inner vessel and cooled water circulated through the outer jacket by convection.
Product formation was monitored by GC and the photoadducts were isolated and
identified as described previously for the reactions initiated by 254 nm radiation (see,
for example, AI-Qaradawi et al 1992).
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Synthetic chemistry via radicals generated by photoinduced
electron transfer
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Abstraet. Radical cations generated by photoinduced electron transfer oftei undergo it
fragmentation fast enough to compete with back electron transfer. In this way, radicals are
generated. Examples or the chemistry of benzyl and alkyl radicals under these ronditions
are given.

Keywords Radicals, electron transfer, photochemistry.

1. Introduction
Oxidations are a well-established method for the generation of radicals for non.chain

reactions,

R-X.--•R-X÷, (I)

R-X*'-R+X÷, (2)

High-valency metal compounds or anodic oxidations are used for this purpose (Curran
1991). This method suffers from some shortcomings, e.g. limitation in the choice of
solvent due to the properties of the salt used as oxidizer or as supporting electrolyte.
and competition from other oxidative processes, suc', as two-electron oxidation to
yield a non-radical dication or oxidation of the generated radical to the corresponding
cation.

Photosensitization offers an alternative access to radical cations. and hence to
radicals (Albini er a) 1982), due to the strong oxidizing properties of excited states
(Fox and Chanon 1988),

R-X +A*--R - X ' +A . (3)

Under these conditions substrates which could not be practically oxidized
otherwise yield the corresponding radical cations and, if fragmentation is fast enough
to compete with back electron transfer to the radical anion, these cleave to the
expected radicals. This process involves only organic species and thus solubility
problems are minimized. Furthermore, since the oxidizer is a short-lived species
generated photochemically, problems of over-oxidation are avoided.

* For correspondence
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An evaluation of the single bond energy of the radical cation (fragmentation
according to (2)) is generally possible (Wayner et at 1986, 1988; Dinnocenzo et at
1989; Sulpizio eial 1989; Popielartz and Arnold 1990) and often shows a remarkable
weakening of the bond, leading to the expectation that monomolecular or nucleophile-
assisted fragmentation is fast and, indeed, this is borne out by the experiments.

Both resonance-stabilized (allyl, benzyl, ,,-amino, a-oxy) radicals and non-stabilized
aliphatic radicals can be prepared by this method from the appropriate precursor.

The follow-up reactions include:

(1) reduction of the radical by the acceptor radical anion, usually followed by
protonation,

R +A-R--*R- +A, (4)

R- + H+-- R-H; (5)

(2) addition of the radical to the radical anion, when E,.d(A) < E.d(R

R'+A-'-4R- A-, (6)

R - A - -- products; (7)

(3) addition of the radical to an added radicophile

R' + Z -*R- Z'. (8)

R - Z'-* products. (9)

Some examples of these reactions are discussed below,

2. Reaction of resonance-stabilized radicals

A typical reaction pertaining to this class involves benzylic radicals generated by
deprotonation of the corresponding radical cation. Such species are extremely strong
acids (e.g. calculated pK, of the toluene radical cation - - 12. Nicholas and Arnold
1982). However, kinetic facti;w may limit the importance of the process, which depends
on the proton acceptor present. With toluene as the donor and 1,4-dicyanonaphthalene,
DCN, as tht acceptor in acetonitrile, proton transfer occurs in the cage, and is
followed by rapid combination of the radicals to yield a tetracyclic derivative as the
main product, (10) (Albini 1982; Sulpizio et at 1989). However, when deprotonation
occurs out of the cage (e.g. when the rection is carried out in methanol, and the
solvent is the proton acceptor), or when the radical is formed by splitting a cation
different from the proton. c.g. a carbocation or an organometallic cation, a different
addition leads to benzyldihydronaphthalenes, (11).

CN Me CN

CN CN (10)
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CN CH2X CN CH 2Ph CN

S• ýCH
2Ph

CN CN (11)
X = H, SiMe3 . CR2Ar, COOH

On the contrary, when the acceptor used is less easily reduced, e.g.
1,4-dicyanobcnzene, DCB, rather than DCN, the radical is in most cases reduced;
thus Popielartz and Arnold (1990) have shown that cleavage of bibenzyls occurs
through this path

A*, MeOH

ArCR 2CR'Ar -f ArCR2 H + ArCR,2OMe. (12)

3. Non-stabilized alkyl radicals

Non-stabilized alkyl radicals can be generated via the radical cations by using strong
photochemical oxidizers such as DCB or 1,2,4,5-tetracyanobenzene, TCB, and
substrates such as silanes jKyushin et al 1990), icetals (Mella et al 1992) and carboxylic
acids (Tsujimoto et at 1992), as in the following example.

R - SiMe3 + A* -- - SiMe'+ A- (13)

R - SiMe. R + Me 3Si + (14)

Reduction of such radicals is generally not possible, and the other reactions occur
efficiently.

Typical examples are alkylation of the aromatic uscd as electron acceptor (15),
alkylation of electron-poor alkenes (16), termolecular addition (17), and reduction
(18). The competitior between the different processes depends on the redox properties
of the species involved.

NC r CN NC-S R
R- + .

NC CN. " CN NC CN

(15)

R +R
CO 2R' CO2R' CO 2R' CO2R' (16)

CN

R- + TCB'" NC- ' -
CN I NC ICN (17)

R" + R'SH - RH (18)
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4. Conclusions

The examples above show some of the potentialities of this new method for the
generation of radicals. It is expected that much more synthetic chemistry can be
developed following these lines.
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Abstract. Steady-state photolysis of haloanthracenes ýXA; 9.10-dichioro, 9,10-dibronio.
9-chioro and 9-bromo compounds) in acetonitrile-amine (triethylamine or N,N-dimeshyl-
aniline) causes the consecutive reactions; 9. 10-dihalo compounds -9-halo compounds-.
anthracene. Although both the lowest e"cited singlet [IXA(SI )J and triplet ['XAIT, )] states
ufXA are quenched by amine, the appearance of ab3orptiOn spectra due to the haloanthracenc
radical anions IXA- ) within the duration of nanosecond pulse excitation indicates that the
intermediates for dehalogenation of XA are XA '- produced by a diffusion -controlled reaction
of IXA(S 5) with the ground-state amine yielding the singlet exciplexes ['(XA-amine)O
which decompose rapidly into XA- and the amine radical cations. Moreover, an
aminc-a~sisted formation of 'XA(T1) has been attributed to the intersystem crossing from
'(XA-amine)O to the triplet exciplexes [3(XA-amine)*] followed by decomposition into
3XA(TI) and ground-state amine.

Kevworda. Photochemical dehalogenation of haloanthracenes by amines; amine-assisted
triplet formation of haloanthracenes; haloanthracene radical anions; 9,10-dihalo and 9-halo
anthracenes.

1. Introduction

The photoinduced dchalogf . iti, at -' :-atic halocompounds by amine is well
known and the generally stl , m Ic . -- is that the radical anions produced
via the exciplexes of singlet haec~ mipouncl with ground-state amines are the reaction
intermediates which decompose tfiniohe atyl radicals and thc halogen aniotis Ohushi
eti ul 1973; Tsujimoto et at 1975: Bunce et at 1976, 1978: Chittin et al 1978; Davidson
and Goodwin 1991, Fulara and Latowski 1990, Saeva 1990). Upon investigation of
the photochemical debromination oftneso-substituted bromoanthracenes (9.10- dibromo
and 9-bromo compounds) by amine [triethylamine (TEA) or N, N-dimethyl aniline
(DMA)] in acetonitrile, we have also concluded that the reaction intermediates are
the bromoanthfacene radical anions produced by a diffusion-controlled reaction of
the lowest excited singlet states of bromoanthracenes with the ground-state amines
yielding singlet exciplexes followed by decomposition into bromoanthracene radical
anions and amine radical cations (Hamanoue et at 1984b). Meanwhile, Soloveichik
et a! (1 989) have found that the photochemical dechlorination of 9,1 0-dichloro-
anthraccne by DMA in acetonitrile is strongly retarded upon addition of azulene (or
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Filgure I, Dcchlorination orDCA and CA upon steady-statc photulysis in C.HjC.N/DMA
(0.04 M) at room temperature.

ferrocene) and that the increment of triplet decay rate constant with increasing DMA
concentration is not linear. Based on these results, they have concluded that the
haloanthracene radical anions produced via the exciplexes of singlet haloanthracenes
with ground-state amine do not participate in the dehaiogcnation but the exciplexes
of triplet haloanthracenes with ground-state amine are the reaction intermediates. In
order to contest this conclusion, thu present review deals with our recent results
obtained by steady-state photolysis and nanosecond laser photolysis of haloan-
thracenes (9, 10-dichloro, 9, 10-dibromo, 9-ehloro and 9-bromo compounds) by amine
(TEA or DMA) in acetonitrile at room temperature (Nagarnura et al 1991, 1992;
Hamanoue et ai 1992, 1993).

2. Photochemical reaction of haloaathracenes and their triplet formation in seetonitrile/
amine

Figure I shows the absorption spec;tral change caused upon steady-state photolysis
or 9,10-dichloro (DCA) and 9-chloro (CA) compounds in acetonitrile (CH3CN)
containing 0.04 M DMA at room temperature. Since similar results are also obtained
not only in CH.,CN/TEA (0.04 M) but also for 9, 10-dibromo (DBA) and 9-bromo
(HA) compounds in CHCN/amine (0.04 M'DMA or TEA), and since the photo-
products from 9, 1 O-dihalo compounds and 9-halo compounds have been identified
to be 9-halo compounds and anthracene, respectively, it can safely be concluded that
the dehalogenation of 9, 10-dihalo compounds by amine proceeds by the consecutive
reactions; 9,10-dihalo compounds --- 9.halo compounds --+,anthracene. Although
Soloveichik et al (1989) have reported that the quantum yield for dechlorination of
DCA by DM A decreases remarkably upon addition of azulene or ferrocene, we have
confirmed that addition of these additives (0 x 10-4LM) does not affect the decrement
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Figure 2. Decrcment in the relative absorbances (Dt/D) or DCA and CA during %lead).
%latc pholt)lysis at room temperature in CH 3CN/DMA (0.04M) without (' and with

I X 10-' M uulene (A) Lor ferrocene (0)].

in the relative reactant absorbanccs (D1/Do) during steady-state photolysis of halo-
anthracenes (XA) in CH 3CN/amine (0,04 M). typical examples obtained for chloro
compounds in CH 3CN/DMA (0.04 M) arc shown in figure 2, where D, and D, are
the absorbances measured at photolysis time of r and 0rmin, respectively.

We have found that the intensity of triplet- triplet (T',+- T•) absorption spectra
due to the lowest excited triplet states ['XA(T 1 )] of XA decreases with increasing
amine concentration, but a normalization of the T'+-- T, absorption spectrum in the
presence of amine to those in the absence of amine reveals no change in the spectral
profile. Since all the T' ,- T, absorption spectra are recorded at a decay time of 70 ns
and a gate time of 2ons and since the T'-- T, absorptions are found to decay in the
microsecond time regime even in the presence of amine, the intensity decrease of
T',- T, absorption spectra caused upon addition of amine can be ascribed to the
decrement in the yields of the lowest excited singlet states ['XA(S,)l of XA. Calculating
the intensities of T'- T, absorption spectra in the absence (Pt) and presence (IP) of
amine, the ratios of IllIT are plotted against amine concentration as shown by open
circles in figures 3 and 4. If 3XA(T,) are produced only via the indiiect 'XA(St)-.*
3XA( T.)-- 3XA(T 1 ) intersystem crossing through an adjacent highur excited triplet
(TJ) state (Hamanoue et al 1983: Tanaka et al! 1983), the ratio of i1/!7 can be given by

1I -'/1 I + k t [amine], (I)

where T is the fluorescence lifetime of 'XA((S) in the absence of amine and kq is the
fluorescence quenching rate constant by anmne. Hence, the value of k, obtained from
Io/I• should be equal to that obtained by the Stern-'volmer plot of /"/I" against
amine concentration: I' and I' are the fluorescence intensities in the absence and
presence of amine, respectively. In contrast, as shown in figures 3 and 4, the values
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Figure 3, Plots of I//Ir against amine concentration obtained for DCA and CA in CH CN
at room temperature. The dashed lines correspond to the Stern- Volmer plots of fluorescence
intensities against amine concentration, and the full lines are simulated by (I) using the
values or k. obtained from the fluorescence quenching by amine: k. - 1,4 x 10"M (by TEA)
and 2.7 x 1010 (by DMA) M - fs (or DCA. and k, - II x 1011 (by TEA) and 2.4 x 1010
(by DMA) M"'s-1 for CA.

of 1r/If (open circles) deviate from the dashed lines obtained from I'/l1 giving k,
of the order for that of a diffusion-controlled reaction. The smaller values of Io/1l
than those of 1o/11 may reflect an additional formation of 3XA(T 1 ) by amine.

Probably, the additional formation of "XA( T,) in the presence of amine may be
interpreted in terms of the intersystcm crossing from I(XA-amine)* to the triplet
exciplexes ['(XA-amine)*] followed by decomposition into JXA(TI) and ground-
state amine as shown by scheme 1.

XA' 4 amine"
k

1XA(SI) animel (XA-amin)"

1XA(T,) XA smine - "XA(TI) + amlnq

Sebllse I.

Hence, 1•/!'" should be given by:

-'r I + k T[amirie(

AI I + a[amine]

a = Ikq~/kic, (5)

11 = kI(k, + kton + ka.). (6)
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Figure4. Plots of I/,Il14 against aminoe n,.'!rition obtained for DBA and BA in C(.,'lCN
at room temperature. Tite dashed lines correspond to the Stern-.Volmer plots or flunresccncc
intensities against amine conrentiration, and the full lines arc simulated by (I .using the
values or k, obtained from the fluorescence quenching by amine: k, - 2.0 x 10"' (by TFA)
and 2.7 x (0"' (by DMA) M 'Is I for DBA, and kt =-43 x 101" (by TEA) and 5-2 x 10"'
(byDMA) M is for SA.

By a best-fit of the calculated values {(I + kqt [amine])/(l + o a[amine])} to the experi-
mental values, the change of I/'"/I with amine concentration can well be reproduced
as shown by the full curves in figures 3 and 4. Since the fluorescence quantum yield
(0y) in CH.,CN without amine are found to be 0-64 (DCA), 0.02 (CA), 0,09 (DBA)
and 0,04 (BA), the rate constants (k,,, ) for the IXA(SI ) -- 3XA( T") intersystem crossing
are calculated to be 4'2 x l0' (DCA), 3.0 x IO (CA), 7,1 x 1O0 (DBA) and 6.0 x 10'
(BA) s- '. Using the best-fit values of a, the values of / are calculated as indicated in
figures 3 and 4, and the greater values of kg[amine] in CH.ICN'amine (I M), i.e.,
1,4 - 2.7 x 10'" (DCA), 1I1 - 2.4 x 10i (CA), 2-0 - 2-7 x 1010 (DBA) and 4.3 - 5.2 x
10111 (BA) s - t, compared with those of k•,,, indicate that I(XA-amine)* are produced
with efficiencies of - 1.0 (DCA. CA), 0.97 (DBA) and 0-88 - 0,90 (BA), and that almost
all 3XA( T,) are produced via the indirect I(XA-amine)* -- (XA-amine)* -. 3XA( T1 )
process shown in scheme I.

3. Formation of the haloanthracene radical anions via the singlet exclplexes of I XA (S1 )
with ground-state amine

Figure 5 shows the transient absorption spectra obtained by nanosecond laser
photolysis of DCA and CA in CH.ICN/amine(l M) at room ternpciature the spectra
are recorded at a delay time of 0ns and a gate time of 50ns. Similar transients are
also obtained for DBA and BA. In the absence of amine, however, only the T'.- T,
absorptions (bands C and D) of 3XA( T,) can be seen. We have assigned bands F,
G and H to absorptions of the haloanthracene radical anions (XA'-) based on the
following facts: (1) The spectra with bands F - H are identical with those of XA'-
which are produced by pulse radiolysis of XA at room temperature in CH 3 CN
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Figure 5, Transient albsorption ipcctra obtaincd by iunowcond laser photolysis oD(A
and CA in CH.,CN!;imine (I M) at room tempwrulurc.

without amine (Hamanoue et al 1984a)or "-radiolysis of XA at 77 K in 2-mntthyltctra.
hydrofuran without amine. (2) Band E ohserved in the presence of DMA is very
similar to that of the published absorption spectrum due to DMA` (Flamil 1968:
Shida 1988. Iwamura and Eaton 1991); no clear observation of the absorption handi
due to TEA" may be ascribed to its weak absorption (Shida 1988).

We propose that XA- are produced by a diffusion-controlled reaction of I XA(St)
with ground-state amine yielding '(XA.amine)* followed by decomposition into XA' -

-and the amine radical cations (amineo`): Because, (1) 3XA(T,) in CH 3CN decay
following a single-exponential function irrespective of absence and presence of amine,
and the decay rate constants thus obtained increase linearly with increasing amine
concentration: (2) the quenching rate constants (k' _- lo, - 10'o M -' s -,) of 3XA( T1 )
by amine, however, are much smaller than those (kq -_ l0' M -'s - sI obtained for
the quenching of IXA(S,) by aminc, indicating that the spectra observed at (-ns
delay (shown in figure 5) cannot be attributed to XA" produced by a reaction of
*'XA( T1) with amine.

The absorptions of XA - in CH3CN/amine(I M) decay with time following a single-
exponential function and the decay rate constants (kxA. -) obtained are of the order
of 10'- 103s- 1; typical decay curves obtained for DCA and CA in CH 3CN/DMA
(I M) are shown in figure 6. If N(XA-amine)* produced by a reaction of 3XA( T,)
with ground-state amine a. proposed by Soloveichik et al (1989) give rise to the
formation of XA'-, the values of kXA.- shown in figure 6 indicate that one cannot
confirm the formation of XA'- in CH3CN/DMA (I M) owing to the larger values
ofkxA._ - 3,5 x l01(DCA) - 9.5 x 10' (CA) s-'compared with those of k'JDMA] =
5.0 x 10' (DCA) - 2.2 x 101 (CA) s- 1. In CHCN/TEA (I M), however, the rise and
decay of absorptions due to XA - should be detectable in the microsecond time regime,
because kxA.. - 2,8 x 104 (DCA)- 9,7 x 10' (CA) s' are smaller than k'q[TEA] =
1.8 x 101 (DCA) - 2.3 x 10'(CA) s- '. In contrast, no such evidence has been obtained.
Even if the dehalogenation does occur in I(XA-amine)* produced by a reaction of
IXA( T,) with ground-state amine and no XA - are produced, the following results
cannot support the triplet exciplex mechanism: (I) The decay rate constants of
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Figuresj. Decays of absorptions (full lines) due to DCA - and CA - In CH 3CNIDMA 0I M)
at room temperature. Thc dashed lines are simulated single-exponential functions with decay
rate constants (kA. -) indicated In the figure.

3XA(TII in CH3CN/ainine increase linearly with increasing amine concentration,
showing no existence of such an equilibrium between 3XA( T ) +amine and
3(XA-amine)* as proposed by Soloveichik et al (1989); during decrement of the T'- T,
absorption spectra of 3XA(T,) with time in CH3CN/amine (0-04 M), moreover, no
change in the spectral profile can be seen, (2) Addition of azulene or ferrocene in
CH3CN accelerates the decay of -XA( T,) with quenching rate constants of the order
of l0 - 109M '5 1, while figure 2 reveals no effects of these additives on the
decrement of reactant absorptions during steady-state photolysis in CIl,1CN/DMA
(0,04 M), similar results are also obtained in CHjCN/TEA (0-04 M). (3) The quantum
yields (OR) for the dechlorination of DCA yielding CA in CH3CN/amine (0-08 M)
are found to be greater than those in CH3CN/amine (0-04 M), while the quantum
yields 4 0 ) for the formation of -XA( T1) decrease with increasing amnine concentration:
in the presence of 0-08 M DMA, moreover, (bi 0-117 is greater than 01 = 0-073,

4. Conclusion

All the results obtained so far arc consistent with those reported in our previous
paper (Hamanoue et at 1984b), Thus, again we conclude that the intermediates for
the photochemical dehalogenation of haloanthracenes (XA) are really their radical
anions (XA'-) produced by a d iffusion-con trolled reaction of tXA(S I with ground-
state amine yielding the singlet exciplexes [1(XA-amine)*] followed by decomposition
into XA'- and itminc' (cf, scheme 1).

The absorption spectra with bands D F shown in figure 5 might be ascribed to
the absorptions of t(XA-amine)*. Although no exciplex emissions can be seen in
CH3CN/TEA, an exciplex emission with A,,, ,%SS0nm can be seen for DBA in
cyclohexane (CH)/TEA (2 M) and picosecond laser photolysis of DBA in CH/TEA
(I M) gives rise to the appearance of not only an absorption band due to'DBA (SI),
t~e.. a singlet-singlet (S'+ S,) absorption band with AS 2v 620 nm, but also an exciplex
absorption band due to I (DBA-TEA)* with A.., % 680 nm (Nakayama et a! 1993).
Since the S'- -S, absorption decays following a bi-exponential function with lifetimes
of cc, - 75 ps and 22 - 260 ps, and since the exciplex absorption increases at first with
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a rise time of a = 75 ps and then decreases with a lifetime of a, = 260 ps, one can
conclude that l(DBA-TEA)* is really produced in CH/TEA (I M). On the other
hand, no exciplex absorption can be seen for DBA in CH 3 CN/TEA (1 M) and the
$',-S, absorption decays following a single exponential function with a lifetime of
50ps which is equal to the fluorescence quenching time by I M TEA. For DBA in
CH/TEA (I M), moreover, nanosecond laser photolysis reveals no formation of
DBA`- and steady-state photolysis reveals that the rate of debromination is extremely
slow compared with that in CH 3 CN/TEA. Hence, we have concluded that the spectra
with bands D-F shown in figure 5 are really a result of the absorptions of -A and
that I(DBA-TEA)* produced in CH/TEA decomposes very slightly into DBA'- and
TEA", i.e., the formation of haloanthracene radical anions is essential for the
photochemical dehalogenation of haloanthracenes by amine.
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Preparation of some organic precursors via photolytic demetallation
of their iron complexes
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Abetract. Nucleophilic aromatic substitution (S,,Ar) of chloroarenes complexed to the
cyclopentadienyl iron moiety with ethyl cyanoacetate or phenylsulfonylacetonitrile in the
presence of potassium carbonate in DMF resulted in the formation of arylated ethyl
cyanoacetate or phenylsulfonylacetonitrile complexes. Photolytic demetallation of these
complexes led to the liberation of the substituted arene ligands in high yield. This synthetic
route is more advantageous than those previously reported and is a practical way to synthesise
heterocycles and alkanoic acid precursors.

Keywords. SNAr; photolysis; ethyl arylcyanoacetate; aryl phenylsulfonylacetonitrile.

1. Introduction

There has been considerable interest in the development of new and efficient routes
to the synthesis of arylated ethyl cyanoacetates and phenyisulfonylacetonitriles (Shen
1972; Suzuki et a! 1987; Sakamoto et at 1990). These materials are known to be versatile
intermediates in the synthesis of heterocyclic compounds (e.g. azetinoncs, pyrimidines,
and oxazaphosphorinane derivatives) and alkanoic acids, which are used for medicinal
purposes (Matsui and Motoi 1973; Giordano et a! 1984; Shih and Wang 1984). One
of the well-recognized alkanoic acids is 2-(4-isobutylphenyl)propanoic acid, known
as lbuprofen. This acid is an anti-inflammatory analgesic, finding use in the treatment
of patients with rheumatoid arthritis and in relieving general muscle pain and stiffness
(Adams et at 1969; Chalmers 1969; Shen 1979). The synthesis of ethyl arylcyanoacetates
and arylated phenylsulfonylacetonitriles cannot be achieved directly through nucleophilic
substitution reactions of ethyl cyanoacetate or phenylsulfonylacetonitrile anions with
arylhalides. The routes to these compounds involve the use of certain organometallic
reagents or catalysts to promote nucleophilic substitution on the aromatic ring (Kaiser
et a! 1971; Osuka et at 1983; Uno et a! 1985: Sakamoto et a! 1988; Kozyrod et a!
1991), In these synthetic routes, the most problematic step is the nucleophilic aromatic
substitution.

Activation of normally unreactive chloroarenes towards nucleophilic aromatic
substitution reactions (SNAr) by complexation to a metal moiety such as chromium
tricarbonyl, manganese tricarbonyl or cyclopentadienyliron (CpFe) have been
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reported (Semmelhack 1976; Pearson et al 1986; Kerber 1991), Nesmeyanov et a!
(1967) were the first to establish the efficient displacement of the chlorine atom in
n 6-chlorobenzene-v1-cyclopentadienyliron complex cations by some oxygen, sulfur
and nitrogen nucleophiles. We have been very active in utilizing this methodology
in the synthesis of various functionalized aromatic compounds (Abd-EI-Aziz et a!
1988, 1993; Abd-EI-Aziz and de Denus 1Q92, 1993).

Nesmeyanov et a! (1970) examined the effect of irradiation of arene complexes.
They found that the photolytic degradation of these complexes in acetonitrile solution
resulted in liberation of the arene ligands with ferrocene and iron(II) salt. This
photolytic degradation was proven to be greatly dependent on the nature of the
solvent, with a-donor ligands resulting in the greatest yields. Gill and Mann (1980,
1981, 1983) have also given detailed descriptions of the photoinduced replacement
of the arene by one 6-electron or three 2-electron ligands.

In this article, we describe our approach to the arylation of ethyl cyanoacetate and
phenylsulfonylacetonitrile via SNAr followed by photolytic demetallation.

2. Results and discumsion

16-Chloroarene-in-cyclopentadienyliron hexafluorophosphates (la-d', were prepared
via ligand exchange reactions involving ferrocene and chloroben7ene, o-, m. or p.
dichlorobenzene according to the method reported by Khand et a' (1968). Reactions
of the product complexes (L a-4) with phenylsulfonylacetonitrile o, ethyl cyanoacetatc
in the presence of potassium carbonate in NN-dimethylformamide, led to the
formation of complexed arylated ethyl cyanoacetates (2a-d) and phenylsulfonyl-
acetonitriles (3a-4) as shown in scheme 1. These complexes were isolated as yellow
solids or yellow-brown oils in very good yields (71-94%). Ortho substituents on the
complexed aromatic ring did not cause any sterically induced inhibition of the
reaction. I H and 13C NMR and IR were used to characterize the prepared complexes
(La-d, 3a-d). In the IH NMR spectra of these complexes, a very distinctive singlet
appeared around 5,31--5.47 ppm which is characteristic of the cyclopentadienyl (Cp)
ring. For complexes (3a-_), in many cases the methine proton appeared at 6-7 ppm
overlapping with the arene protons. The assignment of some of these methine protons
was based on the integration of the peaks in the region between 6-7 ppm relative to
other proton peaks in the spectra. The I'tC NMR was also in agreement with expecta-
tions, as is outlined in § 3.

, NN RR :HN

K,CO,, DMF R RR'R

CpFe PF CpFe PF

(1).; Re = H
M; R, 0 O-cl (Ua-) R, - COOEr (L.d} R, a COOEr
£; R - rn-Cl (as-0) R, a SO,Ph (11-d1) R' - SOPh
.: R' a p-Cl

Sekuw I.



Preparation of some organic precursors 577

Liberation of the arylated ethyl cyanoacetates and phenylsulfonylacetonitriles from
their iron complexes is one of the most important steps in this synthetic strategy.
Since photolysls is known to be an efficient method for the decomplexation of some
(arene)cyclopentadienyliron complexes, we successfully applied this technique to
liberate the free organic ligands. The complexes were dissolved in a mixture of
acetonitrile/dichloromethane and irradiated under a nitrogen atmosphere for 2 h,
using a Xenon lamp as the source of radiation. Purification of the products by column
chromatography resulted in isolation of the free aromatic ligands (4a-d, La-_) in
yields ranging from 70-84%.

The identities of all photolysed products were confirmed by IH and I'C NMR,
IR, and MS. The major differences in the IH and '3C NMR of these compounds
from the complexes are the absence of the cyclopentadienyl peak, the shift of the
arene peaks downfield, and a shift of the methine peak to a higher field. Compounds
(4a-4) are some of the heterocyclic precursors, and compounds (Sa-_) are the desired
precursors for some alkanoic acid synthesis. Our synthetic methodology is extremely
versatile and efficient in the preparation of such precursors.

In conclusion, we would like to point out that photolysis is an important and
efficient step in the synthetic strategy and the SvAr route to the synthesis of arylated
ethyl 4yanoacetatev and phenylsulfonylacetonitriles is very useful owing to its ease
and the use of mild reagents,

3. Experimental

Ethyl cyanoacetate, phenylsulfonylacetonitrile, potassium carbonate and N,N-
dimethylformamide (DMF) are commercially available and were used without further
purification,

'H and "3 C NMR were recorded on a Gemini 200 NMR spectrometer, with
chemical shifts calculated from the solvent signals. MS spectra were recorded on a
HP 5970 Series Mass Selective Detector in m/z units. IR spectra were recorded using
a Perkin-Elmer 781 spectrophotometer.

3.1 Nucleophilic substitution reactions

(a) Reactions with ethyl cyanoacetate: A mixture of I mmol of starting cation (La-d),
2.5 mmol potassium carbonate, and 1.05 mmol of ethyl cyanoacetate in 10 ml of DM F
was stirred at 50-60'C, under a nitrogen atmosphere for 3 h. The resulting dark red
reaction mixture was filtered into 10ml of 10% hydrochloric acid. A concentrated
aqueous solution of ammonium hexafluorophosphate was added to the reaction
mixture, and the product extracted with dichloromethane (3 x 50ml). The combined
extract was washed with water (4 x 40ml), dried over magnesium sulphate, and the
solvent was evaporated off under reduced pressure at 25°C. The residual yellow-brown
oil was washed with diethyl ether (3 x 20 ml). Thus the following compounds were
prepared.
(b) (n -Cyclopentadienyl) [??"-ethyl 2-phenyl cyanoacetate].iron(II) hexqfluoropho-
sphate (a): (0-362 g, 80%) vmaa(cm- ')(neat) 2260 (CN), 1755 (CO); 6H(CD3COCD 3)
1,24 (3H, t, J - 7-1, CH3), 4-24 (2H, q, J - 6,7, CH 2 ), 5,31 (SH, s, Cp), (5,72 (IH, s,
CH), 6,63 (5H, br, s, ArH); 6c(CD 3COCD 3) 13.86 (CH3), 43.11 (CH), 64,55 (CH2),
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78-83 (5C. Cp), 86,98, 89,09. 89.19, 89,37, 90.21 (5C, ArC), 96-93 (quaternary ArC),
115,33 (CN), W-370 (CO).
(c) (nCvclopentadienyl) [i1

6-ethyl-(o-chlorophenyl) cyanoacetate]-iron(II) hexaflu-
orophosphate (2b): (0-346g. 71%) vmn(cm-1) (neat) 2305 (CN), 1755 (CO);
6H(CD 3COCDI 1.25 (3H, t, J=7.2, CH3), 4.30 (2H, q, J- 6-8, CH 2 ), 5,47 (5H, s,
Cp), 6,26 (I H, s, CH), 6-71 (1 H, t, J . 6- 1, ArM), 6,85 (2H, m, ArH), 7,05 (1 H, d, J = 7,3,
ArH); 6c(CD 3COCD3 ) 13,76 (CH3), 41,56 (CH), 64.67 (CHI 80.87 (5C, Cp), ,-712,
88,53,89,71. 89,90 (4C, ArC), 95,30, 108,56 (quaternary ArC), 114,85 (CN), 162.48 (cu).
(d) (,7"-Cyclopetadienyl) (n6 -ethyI-(m-chloropheny4) cyanoacetate]-iron(1l) hexaflu-
orophosphate (2c): (0,365g, 74%) vm.,(cm -1) (neat) 2200 (CN), 1160 (CO); 6H(CD.
COCD3) 1.26 (3H, r. J = 7,1, CHM) 4,31 (2H, q, J = 7.1, CH2 ), 5.46 (5H, s, Cp), 5,83
(IH, s, CH, 6,65 7.05 (4H, t, J = 61, ArH): •c(CD3COCD) 13.02 (CH3), 41.74 (CH),
63,93 (CH 2), 80.28 (5C, Cp), 86,41, 87,98, 88,96, 89.82 (4C, ArC), 96,04, 107.08
(quaternary ArC). 115,26 (CN), 162.45 (CO).
(e) (q,-C.ciopentadieny4) [n16-ethyl-(p.chloropheny4) cyanoacetate]-iron(lP hexaflu-
orophosphate (2d): (0'396g, 81%) v,..(cm-1) (neat) 2310 (CN), 1760 (CO); 6X(CD.
COCD 3) 1.25 (3H, t, J = 7,0, CHI), 425 (2H, q, J = 7.1, CH2 ), 5,42 (5H, s, Cp), 5.72
(IH, s. CH). 6.74 (2H, d, J - 5,1, ArH), 6,97 (2H, d, J = 6,5, ArH); 6,:(CD.,COCDd)
13,07 (CH,), 41-67 (CH), 63.91 (CHM), 80.41 (5C, Cp), 8611, 88-52, 88,55, 88.64 (4C.
ArC), 95.34. 101,48, (quaternary ArC), 115-30 (CN), 162-54 (CO).

3.2 Reactions with phenylsulfony/acetonitrile

A mixture of I mmol of starting cation (Ia-d), 25 mmol of potassium carbonate,
1.05mmol phenylsulfonylacetonitrilc, and 10ml of DMF was stirred at room tern-
perature under a nitrogen atmosphere for • 7 h. The resulting red reaction mixture
was rapidly filtered into 10% hydrochloric acid (10ml). The reaction flask was then
washed with ethanol and the washing added to the filtrate. The ethanol was removed
under reduced pressure at 25'C using a rotary evaporator (Buchi RE-Ill ). A con-
cuntrated aqueous solution of ammonium hexafluorophosphate was added to the
reaction mixture. The solution was then stirred for 10min and the resulting yellow
product was collected by filtration. Thus the following were preparel.

(a) lnt'-Cyclopentadienyl) [j 6-phenyl phenylsulphonylacetonitrile--iron (II) hexafllu-
orophosphate (3a): (0,414g, 79%) vm&,(cm-1) (neat) 2320 (CN), 1335, 1165 (SO),
61 1(CDCOCD3) 5,32 (SH, s, Cp), 6.46-6,70 (6H, m, complexed ArH and CH).
7,71-7-80 (2H, m. SO2 PhHj, 7,85-7.99 (3H, m, SOPhH); 6c(CD 3COCD•) 61.96
(CH), 79,41 (5C, Cp), 87,68, 89,78, 89,82, 90,31, 91-47 (5C, ArC), 92.20 (quaternary
ArC), 113,13 (CN), 130-81 (2C, SO 2 PhC), 130,91 (2C, SO2 PhC), 137.29 (quaternary
SO2 PhC).
(b) (W5-Cyclopentwdienvi) [• 6-(o-chloropheny1)-phenylsulphonyl-acetonitrile]-iron(lI)
hexafluarophosphate (3b): (0,527 g, 94%) Vm,, (cm-1) (neat) 2300 (CN), 1338, 1163
(SO). 6H(CD3COCD,) 546 (5H, s, Cp), 6.71-7.08 (SH, s, complexed ArH and CH),
7-76--7.83 (21H, m, SO2PhH), 7.93-8.02 (3H, m, SO2 PhH). 6c(CDCOCD 3) 60,25
(CH), 81.86 (5C, Cp). 89.40 (quaternary ArC), 88.10, 89-61, 90.96, 91[09 (4C, ArC),
109.50 (quaternary ArC), 113.41 (CN), 130-93 (2C, SO2 PhC), 131.23 (2C, SO2 PhC),
135-41 (quaternary SO PhC), and 137-63 (S0 2 PhC).
(c) (n'-Cyclopentadieny) [Ctj-(m-chlorophenyl-phenylsulphonyl-acetonitrile].Lron(II)
hexafluorophosphate (3c): (0.451 g, 81%) Vm,,(cm 1) (neat' 2280 (CN), 1345, 1162
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(SO): i,1(CD, COCD3 ) 5-47 (5H, s, Cp), 6-40 7.06 (SH, m, complexed ArH and CH),
7.75--7-85 (217, m, SO 2PhH), 7.90-8-05 (3H, m, SO2PhH); 6c(CD 3 COCD3 ) 61-38
(CH). 81-77 (5C, Cp), 86-57, 87-24, 89-61, 90-85 (4C, ArC), 92-95 (quaternary ArC),
108'44 (quaternlry ArC), 112-71 (CN), 130-93 (4C, SO 2 PhQ), 135.17 (quaternary
SO2 PhC), 137-40 (SO 2 PhC).
(d) (iq'-Cyclopentamienyl) [q6-(p-chlorophenyl)-phenylsulphonyl-acetoniurile] -iron (H)
hexafluorophosphate (1d): (0'428g. 77%) vm..(cm- ) (neat) 2305 (CN), (1348, 1142
(SO); 6H(CDSCOCD 3 ) 5.44 (5H. s, Cp), 6-55-6-77 (314, m, complexed ArH and CH).
7-02 (2H, d, J := 6-2, completed Ar-i,. 7-72-7-81 (2H, m, SO, PhH), 7.89- 7-98 (3H, m,
SO 2 PhH); 6c(CDICOCD 3) 61-12 (CH), 81[73 (5C, Cp), 87-40, 90.04, 90.07, 91.15 (4C,
ArC), 91-51 (quaternary ArC), 109-09 (quaternary ArC), 112-93 (CbT), 130-80 (2C,
SO 2 PhC), 130-91 (2C. SO 2 PhC), 134-70 (quaternary S02 -hC), and 137-3). (SO2 PlC'.

4. Photolysis

I-Ommol of complexes .2a-41. 3a- d were dissolved in a mixture of CH 2CI 2i/CH ;CN
(30 r 10 ml) in a pyrex tube. The solution was deoxygenated by bubbling nitrogen
through it and the reaction tube was fitted into a photochemical apparatus equipped
with a xenon lamp (lower limit = 290 nm), and irradiated at room temperature for
2h. The solvent was concentrated to a volume of 1-2 ml using rotary evaporation.
and introduced into a column of silica gel, prepared in hexane. The residue was
washed with hcxane, and the product eluted with chloroform by passage through a
short column. Removal of the solvent from the eluate ga,,e the expected liberated
arene, with the following yields and spectral data.

(a) Ethyl 2-phenyl cyanoacetate (4a): Yellowish crystals (0-151 g, 80,. v,.x(cm -
(neat) 2220 (CN), 1750 (CO); 61 (CDCI3): 1.26 (3H. t, J = 7-.1, CH), 4-23 (2H. q, J = 7-2.
CH 2 ), 4-70 (IH, s, CH), 7-38-7-46 (511, hr s, ArH). 6(.(CDCI.,); 13.87 (CH3 ), 43-76
tCH), 63-29 (CHI2 ), 115-60 (CN), 123-05 (quaternary ArC), 127-89, 129-20, 129.32 (5C.
ArC) and 164.50 (CO). miz 189 (M*, 3%0, 145 (5), 117 (100). 89 (24).
(b) Ethyl-(o-chloropheny,) cyanoacetare (4b): (0-183g. 82"), yellowish oil. %'m,,,(cm
(,..at) 2220 (CN), 1750 (CO); :H(CDCi): :126 (3H, t..1 = 7- 1, CH3), 4-23 (2H, q, J = 72.
CH,, 4-70 (IH, s, CH), 7-38-7-46 (5H, hr. s. ArH). c\-(CDCI.j): 13-87 (CHI), 43.76
(CHI), 63-29 (CHi2 ), 115-60 (CN), 123-05 (quaternary ArC), 127-89. 129-20, 129.32 (5C.
ArC), and 164.50 (CO). m/z 225 ['( 7 CI), 2], 223 [('-3 CI). 5], 151 (100), 116 (20).
(c) Ethyl-(m-chlorophenyl) cyanoa:, tate (4c): (0-187 q, 84%,'/), yellowish oil. vm%,(cm -

(neat) 2260 (CN), 1755 (CO); 6"(CDC1l): 1-27 (3H, t, J = 7-0, CH3, 425 (2H, q,. ,= 7-I,
CH 2 ), 4-67 (IH, s, CH), 7-35 (4H, br s, ArH). 6,-(CDCI): 13-82 (CHG3), 43.20 (CH),
63-56 (CHI2 ), 115-23 (CN), 126-08, 128-09, 129-48, l•0-51 (4C. ArC). 131-59, 135-15
(quaternary ArC) and 164-34 (CO). m/z 225 [((3 CI). 4]. 223 [(sCl), 11], 151 (100),
116 (32).
(d) Ethyl-(p-chlorophenyl) cyanoac etate (4d): (0-176g. 79/,,), yellowish oil. v m(cm- I)

(neat) 2300 (CN), 1750 (CO); 6H(CDCI 3): 1-26 (3H, t, J = 7.1, CHG). .123 (2H, q, J = 7-1,
CHI), 4-68 (IH, s. CH), 7-39 (4H, hr s, Art]). 6c(CDCI3 ): 13-82 (CH.-), 43.05 (CH),
63-49 (CHI), 115-22 (CN), 128-37 (quaternary ArC), 129-25, 129-49 (4C, ArC), 135-40
(quaternary ArC) and 164-52 (CO). m/z 225 [O'CI), 3], 223 [(0 5C), 10], 151(97), 116(15).
(e) Fhenyl phenylsulphonylaceetonitrile (_a): Yellowish solid (0-206g, 80%). vm8•(cm - 1)
(neat) 2310 (CN), 1370, 1160 (SO). 6H(CDC13 ): 5-15 (lIH, s, CH), and 7-25-7-74 (lOH,
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in. 2 Ph). bc(CDC13): 63.00 (CH), 113.37 (CN), 125-34 (quaternary ArC), 128.98 (2C,
SO 2 PhC), 129-14 (2C, SO 2 PhC), 129.68 (2C, ArC), 130.01 (2C, ArC), 130.45 (1C,
ArC), 134-29 (quaternary SO 2 PhC), and 135.19 (SO 2 PhC). m/z 257 (M÷, 15%/), 141
(16), 116 (100), 77 (26).
(f) (o-Chloropheny!)phenylsulphonylacetonitrile (Lb): White solid (0-215g, 74%).
v,, (cm - ') (neat) 2305 (CN), 1340, 1165 (SO). 6n(CDCl 3): 5-81 (1H, s, CH), 7.34-7-63
(4H. m, ArH), 7.74- 785 (2H, M, SO 2 PhH), 7.84-7.89 (3H, M, SO2PhH). 6c(CDCl3 ):
58.94 (CH). 113.26 (CN), 124-08 (quaternary ArC), 127-70 (ArC), 129-50 (2C, SO 2 PhC),
130.00 (2C. SO 2 PhC), 130-19, 131-26, and 132-04 (3C, ArC), 135.30 (quaternary
SO 2 PhC), 135-45 (SO, PhC), 135,60 (quaternary ArC). m/z 293 [(37CI), 8], 291 [(31CI),
20], 150 (100), 77 (74).
Ig) (m-Chlorophenvl)phenylsulphonylacetonitrile (Lc): Yellowish oil (0-204g, 70%).
".'.(cm-1) (neat) 2305 (CN) and 1340, 1162 (SO). 6H(CDCla): 5-12 (1H. s, CH) and
7.18 7.46 (4H, in, ArH). 7-52 -762 (2H, in, S02 PhH), 7-72-7-80 (3H, in, SO 2 PhH).
6,-(CDCI. ): 62-16 (CH), 112-90 (CN), 127-09 (quaternary ArC). 127-82 (ArC), 129.22
(2C, SO 2 PhC), 129-62 (ArC), 129-87 (2C, S02 PhC), 130-14, 130.60 (2C. ArC), 133-99
(quaternary SOj PhC), 134-84 (quaternary ArC), and 135.40 (SO 2 PhC). m/z 293
[("'Ci). 4], 291[(31C0). 14], 141 (91), 77 (100).
(h) (p-Chlorophcnyl)plienylsulphenylacetonitrile (Sd): Yellowish oil (0-218 g, 75%).
v,(cm 1 (neat) 2305 (CN) and 1338, 1160 (SO). 6H(CDCI3 ): 5-12 (IH, s, CH), and
7.21 (2H, d. J = 8-4, Arhi), 7.34 (2H, d, J - 8-4, ArH), 7-51.-7-65 (2H, m, S02 PhHl).
7-75- 7-81 (3H, in, SO2 PhH). &-(CDCI4): 60-08 (CH), 113-07 (CN), 123-82 (quaternary
ArC), 129-25 (4C, SO 2 PbC), 129-91, 130-94 (4C, ArC), 114.13 (quaternary S02 PhC),
135-3Y ' O3 PhC., and 136-90 (quaternary ArC). mn/z 293 [("CI), 3], 291 [(31CI), 7],
150 (Isu), 141 (111. 77 (28).
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Light induced cycloadditions of captodative alkenes
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Abstract, Triplet excited 1-acylnuphitlalceis add captodativc ilkecs. especially 2.:imiino.
acrylonitriles, in at rormal [44. 2] mode to form I ,4-dihydro-1.4-ethainonaphthalenc~s. This
reaction iN in some cases preceded hy an independent and ultimately less efficient
photurevcraible I. 2-addition yielding cyclohutanaphthalene derivatives, There is no
indication of a common intermediate partitioning into both types of products. IBoth additions
occur with remarkable regia. and stereoselectivity. The chirally labelled illkene Sm
R-2-( 2-methoxymet hylWl-pyrrolidinyl) acrylonit(rile is added iii the [44+.2] mode with ov..r
99",. dia.siercoselectivity leading to practically enuantiomerically purc 1.4-Lidducts. Sensitized
ecicodimerizations of 2-niorpholinoacrylonitrile are also discussed hricly'.

Keywords. Photocycloadditlions; triplet excited %tatle, I ,4.dIihvdrn. !. ,iiioiahhici~
tctraliydro~cycIlnbtitat cJ tiaphilialenies; asymmetric induction.

I. Introduction

Photocycloadditions of alkenes to aromatic nuclei continue to he of constderable
interest (McCullough 1987). In recent years. numerous novel [4 + 2] cycloadditions
of so called captodative (Vicht: et al 1985) alkenes to carbon atoms I and 4 of
I -acylnaphthalencs have been observed (Dbipp et al 1985, 1989. Dbpp and Memarian
1986, 1990; Memarian 1986; Pies 1989; Mihlbacher 1991). Most recently. nooel
1,8-photoadditions of alkenes in a formal [3 + 2] mode to naphthalene 1,4-dicar-
boxylates and 1,4-dicarbonitriles have been reported (Kuho et al 1992).

The 1,4-additions to acylnaphthalencs observed by us are of marked regio-,
stereo- and diastereoiselectivities and are occasionally preceded and/'or accompanied
by 1,2-additions. Our findings, including hitherto unpublished work, will be sum-
marized and interpreted in the following sections.

2. Results

2-1 1, 4.thanonaphthalene's and tetrah)ydro1 cl(-o-buta [a] naphflitahnes ftron 1 -saplithyl
earhonyl compounds

Trriplet-excited l-acetonuphthone (Lb) as well as photoexcited 1-naphthaldehyde
(La) and 1-naphthophenone (ILc) fortm 1.4-photoadducts of type 4 with various

*Frcorrespondence
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2-aminoacrylonitriles (2) in a highly regio- and stereoselctive manner (D6pp er at
1985; Pies 1989; D6pp and Memarian 1990; Mfihlbacher 1991). Without exception,
only the benzenoid ring bearing the acyl group is affected. Most investigations have
been carried out using l-acetonaphthone (Lb) as substrate. Rate constants for
quenching of triplet-lb by various type 2 alkenes range from 3 x 10s to 3 x l0'
M - 's- I in methanol or acetonitrile and are thus smaller than the diffusion controlled
limit (Ddpp et at 1990).

When we repeated our earlier preparative runs, we found that besides the donor-syn
prodacts 4a-i (R - COCH3 in most cases), minor amounts of the donor.anrl adducts
5a-h are formed, the syn/antl ratio varying between 95:5 and 89:11 (Muihlbacher 1991).

R QN

IAR aCHO 2 RL'
to• R 3 COCH3

Is R: COPh

Id R: COOCHI

ND D NcJ N)NCHN N'9 ° N NN'SN

a I• £ _d I J. a Ii I

The same trend is observed when methyl-i-naphthoate (Id) is photoexcited in the
presence of type 2 olefins (synl/anti varying from 95:5 to 88:12). Thus, the aromatic
ester Id exhibits photochemical behaviour parallel to that of the aromatic ketone
Ib (MiOhlbacher 1991).

Such regio- and stereoselective 1,4-additions to acylnaphthalenes are not restricted
to 2-aminoacrylonitriles. Very similar results are obtained with 2-(tert-butylthio)
acrylonitrile (D6pp et at 1989). A remarkably high (>99%) double diastereofacial
differentiation leading to practically enantiomerically pure adducts ( + ) - or ( - ) - 4k
can be demonstrated in the [4 + 2]-photoaddition of either (S)- or (RH2-methoxy.
methyl-pyrrolidin-l-yl)acrylonitrile (2k) to l-acetonaphthone (Ib) (Dapp and Pies
1987). The absolute configuration of ( +-) - 4k and ( -) - 4k (as shown) has been
derived from a comparison of 'IH-NM R-chemical shifts of ( + )- 4k with those of
analogous 1,4-adducts, in which the donor-syn geometry had clearly been demon-
strated by either X-ray structural analysis (Dopp et at 1985, 1989) and/or NOE
intensity diflerence determinations (MUhlbacher 199i), together with the determination
of the circular dichroism in the hydrogenated ketone ( + ) - Z(Pies 1989). From the
positive sign for the Cotton-effect in its n,n*-absorption the absolute arrangement
of the benzenoid ring (formally representing a double bond) and the oxo-group at
C-9 (Legrand and Rougier 1977) as depicted is clearly established. Since both the
ketones ( - ) - § and ( + ) - § had been demonstrated to be practically free of the
respective enantiomers by HPLC using a chiral stationary phase (Ddpp and Pies
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1987), (S) -- 2k is added solely with its re-face to the si-face of I b. and (R) -- Lk solhly
with its si-face to rce-Ib.

O1w 0 OCH0

CNcN 4k C V
CN I+)- 4K 

[I+F-

H 3co,..% J .. . . . . . . . . . . . . . .. . . . . . . .. c

H9w 11_j9yCC -A

IR-O rl)-Zk Lb Ire -.. -- -

Ar 8 COCHI I-]- 4h I+)- I (-)-.

The origin of the high differentiation observed with 2k must be sougnt in the
properties of the donor auxiliary and its capabilities for cormplexation either within
a pre-oriented complex of the reactants or within a pre'crrcd conlormation of a
favourable precursor diradical collapsing to 4k.

Although temperature-dependency studies, which could cast some light on the
relative importance of the precursors mentioned, have not been made yet (and probably
will be difficult due to the thermal lability of products of type 4), two levels of selection

may be envisaged as outlined in recent pioneering work on the temperature-
dependence of asymmetric induction in the Patcrno--Biichi reaction (Buschniann et al
1989).

It had been observed earlier (Memarian 1986; Pies 1989). that 2a and 4 also give
rise to minor amounts of type ý adducts of hitherto not clarified configuration at
C-2. It could be shown unambiguously that 2i definitely adds to photoexcited lb_ to
form 3.i prior to the appearance of 4i in the photolysis mixture. Upon prolonged
irradiation, however. 3i is degraded again due to its styrene-like and therefore
(compared to 40 conjugated chromophore into starting materials, from which
relatively photostable 4i is finally formed. Further, since by X-ray single-crystal
structure determination the configuration of 3i has recently been established to he
rel-(2S, 2WS), that is with the hexamethyleneimino group anti to thc dihydronaphthalcne
moicty, a direct interconversion of 3i into 4i with least motion of the groups involved
is not possible but would require a 180 '',orsion around the former cyclobutanaphthalene
C- I/C-2 bond.

1,2-and 1,4-Additions selectively to the benzenoid nucleus are observed when
common solutions of 2 and methyl 8-quinoline carboxylate (W) are irradiated

E(+ NE hiOO h N N
-~ -N

(E C00CH 31
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(>280nmt in benzene or acetonitrile solution (Dopp and Jung 1992), Again, it can
be demonstrated that products 9 and 10 ematnate from parallel reactions, and that
after long irradiation times, 10 is favoured at the expense of 9.

Front this, arid the aforementioned case. it may be ruled out that a common
intermediate, e.g. the diradical D, connects type I and type 4 products. On the other
hand, a diradical like D is an attractive and also logical intermediate in the
1,4-addition, since from spectroscopic (Dbpp et at 1990) and quenching studies (D1ipp
vi a/ 1985; Pies 1989: MiWhlbacher 1991), the lowest (n,n*) excited triplet state is
envisaged as the reactive state in the 1,4-cycloadditions observed. Most logically, this
state is followed by a triplet diradical obtained from addition of one m•lecule ofolefin.

3

SCOCH =2,3,4 N:D
CN hv'C NS4 PCN ND

o g_ oH3 N•H

4 ~D I

1 b/

4

Quantum yields of prodtct formation do not exceed 0,02, this may reflect low rates
of diradical formation and/or efficient fragmentation of unfavourable (extended)
conformation of diradicals like D into starting materials (Buschmann et a! 1989). It
should be stressed, however, that complex-forming orientation of the reactants prior
to or after excitation cannot be ruled out at this stage. Neither a ground-state
interaction nor an exciplex following the triplet have been detected experimentally,
though.

The unique substitution pattern of captodative (Viehe et a! 1985) alkenes (one
donor and one acceptor group at the same terminus of the double bond) does indeed
manifest special features in light-induced cycloadditions. This may also be
demonstrated by the comparison of the reactivity of excited I-acetonaphthone _l..)
towaids acrylonitrile, 2-(teri-butylthio)acrylonitrile and tert-butyl vinyl sulphide.

Acrylonitrile is not added at all, and, in contrast to the very regio- and stereo-
selective addition of 2-(tert-butylthio)acrylonitrile giving rise solely to product 11,
tert-butyl vinyl sulphide is added with complete lack of regio- and stereoselectivity
to form a mixture of all four a priori possible regio- and stereoisomeric
1.4-dihydro- 1,4-ethanonaphthalenes (12, 13 (Dpp and Memarian 1986; Lanfermann
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__ no reaction

CN
3 COCH 3

SI (only one Isomer)

lb USX

COCH3  COCH3

I~~ + - r1\(
(all four isomers)

1990). Vinyl ethers on the other hand, prefer 1,2-addition to lbd (D6pp and
Lanfermann 1992), and conventional enamines could not be added in any way to
acylnaphthalenes.

It had been tempting to compare the reactivity of excited l-naphthonitrile (14
with that of the acylnaphthalenes la-d towards a representative captodative alkene.
Electronically excited 1.4, probably via its first excited singlet state (McCullough
1987), adds 2g with the same direction of addition as observed with la-d to yield
1,2-adducts 15 and 16. In the main product 15, the syn-orientation of the morpholino
group and 1,2-dihydronaphthalene moiety is again derived from an X-ray single
crystal structure determination and from NOE intensity difference studies (Dopp
et a! 1993). Solely NOE results support the syn orientation in by-product 16.

N ~ NN
hy NC_ .. C N W_.

-2g

14 16

2,2 Morpholinoacrylonitrile cyclodimerizations

Whereas 2-alkylthioacrylonitriles tend to dimerize spontaneously (Gundermann and
Rohrl 1974), such behaviour is unknownfor 2-aminoacrylonitriles.

2-Acetonaphthone and naphthalene-1,8-dicarboxylic acid N-methylimide were
found to sensitize, albeit in low yield, the [2 + 2] head-to-head dimerization of
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2-morpholinoacrylonitrile (_.) (Memarian 1986; Dopp and Bredehorn 1993), The
trans structure of the dimer 17 has been confirmed by single-crystal X-ray structural
analysis. The role of the sensitizers is still not quite clear, since the photodimerization
of ?g cannot be driven to yields larger than 12%, whereas the [2 + 2] dimerization
of 2-aminoacrylonitrile, sensitized by benzophenone, has been reported to provide a
75% yield of both diastereomeric head-to-head dimers (Ksander et al 1987).

"N CN

C NC

17 18

In addition, both benzophenone and 2-acetonaphthone cause the formation of
another cyclodimer from 2_g, to which structure 18 has been assigned on the basis of
its 300 MHz 'H-NMR-spectrum (D6pp and Bredehorn 1993).

3. Conclusion

The highly regio- and stereoselective photoadditions to the naphthalene skeleton, as
described here, had not been expected. They add cycloadditions originating from a
triplet-excited state to the already rich uycloaddition photochemistry of aromatic
compounds starti i from excited singlets. Selectivities observed must be attributed
at least partly to the unique substitution pattern of captodative alkenes. Since the
aminonitrile function at carbon atoms 9 in products of type 4 and ý and at carbon
2 in J may be hydrolysed to give way to an oxo-group, the photoadditions described
practically make novel 1,4-dicarbonyl compounds accessible. Thus captodative
alkenes function as ketene equivalents in cycloadditions.
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Applied photochemistry for free radical organic synthesis by means
of distannane reagents

W P NEUMANNt, M HARENDZA, J JUNGGEBAUER*,
K LESSMANN und H TEWS
Department or Chemistry, University of Dortmund. Otto-Hahn-Str. 6, D-4600 Dortmund
50; Germany

Abstract. With optimized triplet sensitizers and longwave UV light (300-350nm),
distannanes R3Sn-SnRA, R being Bu by preference, are used as advantageous sources of
stannyl radicals R3Sn that are versatile reagents for initiating organic free radical syntheses
of many kinds. Elusive examples arm presented. Thus, desired but slow radical steps like
cyclizations. intermolecular additions or dimerization of the intermediate radicals can be
preferentially carried out by using mild, adjusted, or no H-donors for terminating the radical
reactions. In the second part, the development of a polystyrene-supported distannane is
reported, where both tin atoms are covalently and firmly bound to the polymer. This reactive
polymer is insoluble in common solvents. Its porous beads can be separated from the mixture
after the reaction quantitatively and simply by filtration and regenerated for multiple use.
The application of this new-type of photochemical source of stannyl radicals is demonstrated
by typical examples. Its application offers both economical and ecological advantages of
easier processing and of avoidance of organotln waste products, thus contributing to
environmental protection.

Key*ords Free radical syntheses. stannyl radicals, distannanes, reactive polymers;
polystyrene-supported distannane.

I. Introduction

In recent years, great interest in organi. synthesis has been directed toward free
radical reactions. Complicated molecular structures including biomolecules and
products of pharmaceutical interest can be synthesized in very high yields by this
method, often in multistep, one-pot reactions, which are called tandem or cascade
reactions. Stannyl radicals play a major role as reagents in these syntheses that are
very often of high or complete chemo-, regio-, stereo-, and enantioselectivity
(Hoffmann 1992). A few additional, important statements should be cited:

"Within the last 15 years, an authentic explosion of synthetic applications
of free radical reactions occurred; they have gained a remarkable position
among the selective methods of synthesis." (Minisci 1989.)

The dramatic advances in the application of free radical reactions to
problems in organic synthesis can be attributed in good measure to the
versatility of trialkyltin hydride reagents." (Curran 1989.)

For correspondence; 'deceased
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"The reduction of organic functional groups by organotin hydrides ... has
become the most commonly used method for the synthetic application of
free radical carbon-carbon bond formation." (Curran 1988,)

For example, organotin hydrides, mostly Bu3SnH (Neumann 1987) are used for
highly selective defunctionalizations of complicated, often multifunctional molecules
(figure I).

R-H R-H

R-H R-C-H

R-H RIsoC-
R-H R2C(H)CN

FIpre I, The versatility of trilkyllin hydrides in organic synthesis.

But, in all these cases, the generation of the reagent R3 Sn' is inherently coupled
with the presence of R3SnH which is a very strong radical scavenger. This can he,
in multistep reactions, a limiting drawback, since the desired, but relatively slow
intermediate radical transformations like cyclizations cannot take place, or only
proceed to an unsatisfactory extent, as explained by a few examples (scheme I).
selected out of the many described in the literature. In several cases, a syringe
technique, i.e. very slow mechanical pumping (e.g. within 4 h) of the R., SnH solution
into the reaction mixture provided some improvement (Curran IM88).

SuSnH, AM9N+C e ll:. /, C 2t B u

C0 2tBsu 
OztBu

0.02 M 20% 50%
Bachi •l (e7) 0.003 M 50 % 5 %

BuSnH.AIUN A * NON-""*4ýBr 95-t8%
2-10 exs.

0.355 M 54 46
Walling and Cioffari (1972) 0.016 M 92 8

Sehene I. Examples of intermediate radical transformations.

Nevertheless, in most of these cases, a decoupling of the generation of stannyl
radicals R3 Sn' from the presence of the very strong radical scavenger R3 SnH is
desirable. Other sources of stannyl radicals are therefore to be sought for.
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2. Distannanes R3Sn-SnR1 as sources for stannyl radicals

Based on our experience with organotin compounds (Neumann 1970). we regarded
distannanes as promising objects in our starch for new R3Sn sources. With normal
residues like R - Bu, they are thermally ve:ry stable, ger.-rally up to 200°C. Therefore,
a photochemical splitting of their Sn-Sn bond had to be envisaged.

2.1 Direct photolysis of distannanes

Direct photolysis needs shortwave UV light and gives, besides the desired Sn.-Sn
splitting, an unpleasant multitude of side and consecutive reactions, ending up with
yellow or red polystannanes causing unwanted longwave absorptions, and also R4Sn,
elemental Sn. and so on (Lehnig et a! 1978).

R3Sn-SnR 3-* [R3 Sn-SnR3 ]T' -2R 3 Sn'
kb -- 2R + 2R'Hal

I 2R 3SnHal

R=Me:k >k,; R.Sn-SnR +R3 2 (R 2 Sn),, + R - R etc./ n

R 7= Et:k, -kb + RSSn 2 ISH2 R Et, Bu ......

1
R4 Sn + (R 2 Sn)., R =Me

n
Seheme 2Z Photoractions of R3Sn-SnR3 .

This older finding is of new inportance now: the Am., of 236 nm corresponds to an
energy taken up by the molecule of about 500 kW, what exceeds largely the dissociation
energy of the Sn-Sn bond, the excess energy allowing unselective splitting of any
bond in the molecule (figure 2), Even the use of the longer wavelength tailing occurring
at higher concentrations, which are normal for preparative purposes, brought about
very little progress in photochemical experiments.

2.2 Triplet-sensitized photolysis of distannanes

Therefore, a sensitized photolysis had to be envisaged. Since the degradation of
Bu.,Sn SnBu 3 (hopefully the splitting of the Sn-Sn bond) followed from a triplet
state, as found by CIDNP experiments (Lehnig et a) 1978), we tried empirically a
number of triplet sensitizers (Harendza 1991; Tews 1991). A selection of these is given
in table I. Whereas benzene and toluene had no or nearly no effect, diphenyl ether,
acetone and p-methoxy acetophenone gave high yields of R3Sn', as stated from the
percentage of R 3 SnBr obtained, after admixing of alkyl halide scavengers for R 3 Sn"
like octyl bromide, by GLC analysis. Thus, an estimate of about 300kl/mol for ET
of BuSn2 can be assumed, and benzene or toluene, e.g., can be used as photoinert
solvents.

These sensitizers also protect, by their long wavelength absorption, the organic
starting materials from direct photoactivation. This prevents undesired side reactions
like photopolymerization of olefins. The usefulness of this new photochemical system
should be checked now by a number of typical examples.
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E 1.1

U............................

[nm]

r.,x (BuOSn2) =236nm

Figure 2. Photochemical application of the disannnane Bu.,Sn-SnBu., (Lelimann 1991).
UJV-,';pcctru of BuSn, (005 M). - - THF:tailing up to 352 nm; ---- Me 2CHOH:tailing
up io 330nm. ,,,(Bu( Sn, )236 nn1 E(.S 1 S) - 507 kJ/mol.

ra`, I. Iriplet cncrgy and triplct lifetimc of the used sensitizers.

Triplet energy Triplet lifetime
SCnsitizcr EtkJ/moll' Tr[.S] (RT)'

Acetone 300 6-3
Diphenyl ether 339h - Ih

p-MeO-acetophenone 301 003
Benzene 352 80
Toluene 346 7.7

Energy transfer: 3SO + IQ.- 3Q* + IS;
(Rule of thumb': Er(S)- Er(Q). 12 -40k1/mol);
Er(BueSn2 ), 290- 310kJ/mol,
'Scaiano (1991); 'Engel and Monroe (1980); 'Becker (1984)

2.2a "Clean" generation of R3 Sn" and ifs consequences: With R3 SnH, the O,-brorno.
phenylacetic acid allyl ester gave, even under application of the syringe technique
mentioned above, nothing other than the reduction product A (scheme 3) (Junggebauer
1992), unwanted in this case. This means, that even under these extreme conditions
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0 0

Phu Sn-H` HaunS~~ ~ dimerisation 96 X

JB;H *~ (daylight lamp)
benzene Syringe5
80 .. Xt-ehnique12W

p-4AeO-
rejcOT, 0 acetorphenons 0

reduioctionesod.
(D too/X c/2 0

P ýHe 2CH-0 Z

9 X reduct~on + 51 % dimer (g + 39 % cyclization

Ph GH2

5,jieme 1. Distanrndn, For "clean" gelleiradcn of stannyl raidic~,Is IR ,Sn

ihe intermcediatz- radical, highly stabilized both by thie phenyl and the Carbonyl group.
is .saveiiged very rapidly before anything else can happen.

Vi.: wl i: n ~' used our new triplet-sensitized distanaine system and a 125 W daylight
.1,.we olý ained, surprisingly oni exclusively, the dfimcr B3 (rncso/d. mixture) of

*.he intermediate radical. B is now, and may be Of inlterest as it synithon because OF
its differeni tifnctionalities.

'With acetone and the H-dopor of intermediate strength (propanol-2) somec A and
1,. as w% Ii ..s a new product C were identified. It indicates clearly an intermediate
C.ledlaion~ !..C aUdition to the isolated olefinic bond (which ha~s to be a reversible
onei: sn observatioit of importance for the fundamentals -.1 free radical chemistry.
whose di-zu~sion would exceed the scope (In the present 'upic).

'.. Fb urtheur evidene, f ir iw th t wernintj role ol te si U.-:mith o/ the H -do toi ir b
produci formation; lihe a b-onioacetic acid styrylmethyl ester gives with BujSn' a
rad-.al, stabilized only by a carbontyl group. This is scavenged at 40'C. before having
time to react with anythint, eibr even the medium H-donor propanol-2. giving the
reduction product B. But at 75 sXwhere tilei horseshoe-shaped conformation 'r the
radical, en-bling a c-,zization. is mnore favoured, 90",, scavenging of the cyclized
radicai-formning B is f(tond. when thie weaker H-donor toluene is app' e-d (scheme 4).

'The two latter exuinples demions.trate that a new degree of kinetic independence
is gai'ýd by our systemn of decoup!.ng the generation of RSn' from any consecutiv
rcact'onn

2.2c !?:rermnolecular radiai additions: The addition of alkyl radicals to ok-fins such
as acrylic derivatives (Giese lI)85) is a kineticafly tricky reaction. We selected it
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o oýred. jý ' 0 0 0 cyclization~

%H Br>

Ph Ph no Ph
. YuSn-sneus IrPh

2cotote p-MeO-ocetopheriorie~

MeCH-OH. tmojene 75 OC, daytIgtt lrmp
40 'C. 300 run H (50 X conversion)

(90 X conversion) H I Ph

Scheme 4. H-donor strength governs product formation.

0.2 eq Bu S•CI polymers
I ~~1.3 e1 =•1_

EtOH, 25 '•. hy t
/1: 2 - I1: 5C0 2hleb + NC0 2 Me B. Giese, 1985

12 0.5 eqeuSn|
-- • 2 *q 1,4 -;'Dihydrbsnzler H-Don.

MCHOH, ocetone
40 'C, 300 rvn
1:2-1:2

Cr 
C02Me

os the orly pro.,4ct
convieraiom by Bu#Sn2 87 X

Scrheme 5. Synthetic application of on intermolecular addition.

as a further check for the synthetic application of our tin-mediated radical system
(scheme 5). We could lower the excess of the acrylic compound, compared with that
in the literature, from 5 to 2mol per mol alkyl halide, thus also avoiding oligomer
or polymer bypreducts. With dihydrobenzene as H-donor, we obtained the desired
adduci as the only product.

3. A polymer-supported Aistannane as photochemical source of stinnyl radicals

The advantages of .Annyl radicals R3Sn' in organic syntheses have clearly been
demonstrated in the literature, and in the new results reported above. On the other
hand, howevr, a problem caused by their use has also to be envisaged. In all cases,
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an equimolar amount of an organotin consecutive product R 3SnX arises, whatever
X may be, and has to be cleanly separated from the desired reaction product.

'The drawback consists in the separation of these mostly toxic compounds
and their consecutive products from the desired reaction products, which
is mostly a difficult, and rarely a quantitative one. It might be, therefore,
a meritorious research project to find new methods using such forms of
organotin compounds which are easily to be separated." (Scheffold 1988.)

So we decided to engage ourselves with the synthesr, of a polymer-supported
distannane whosc two tin atoms are both bound firmly to a polymer in a chemically
stable position (figure 3). However, severe diffusion problems can arise by inherent
motion of the excited sensitizer into the pores of the polymer, raising the question
of sufficient lifetime of the triplet state.

We used our experience with polystyrene-supported organotin hydrides (Gcrigk
et u1 1990, Neumann and Peterseim 1993), and started with the polystyrene-supported
hutyl tin chloride (scheme 6).

After several other attempts, Bogdanovic's magnesium (Bogdanovic et al 1984) v as
proved to be best suited for the distannane formation (Lel3mann 1991). The capacity
(1.3 mmol Sn as Sn--Sn per gram resin) is quite satisfying, some pending Sn -Cl groups
(0.3 rnmol Sn rer gram resin) do not disturb the application. Their origin presumably
is due to a latk of other Sn -Cl groups in the vicinity within the same pore.

Of course, diffusion is a rate-limiting factor. Thus, we found, for ex;'mplc, in the
central parts of larger beads of our macroporous polystyrene support, still high
contents of unreacted in--C1 groups, whereas in the outer parts the formation of
Sn--Sn groups by the Mg reagent is complete. This could be secn by Sn and C0 lincscans
through the surface of halved beads, using the electron microscope and the EXAltS
method (LeLbmann 1991).

' ILL 5o a

b Bu Sn-SnBu2

2-4

Reactive Polymer

Figure 3. Principle of a Diffusion-Controlled Reaction at a Polymer-Supported Reagrn•
(Simplified). 6 Interface; ]a diffosisn through the interface; lh diffusion in the pore:
2 adsorption; 3 reaction at the surface; 4 desorption; 5a diffusion in the pore; 5b diffusion
through the interface. Likewi•,,, movements (two-dimensional ?). concentration of the other
reactants and products.
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0.1 9ujSn2, sraan'p
H 0-_

I /W8 OC. ba'zeie PC I Curran and Kim (1991) PIII+~1

1: 2.5 \ dswnmrsn H
daylligt l"mp
benzene, 81) *C

as the oNy product

distonnane resin
40 C ri Ccl

jOQ nm, acetone H-Dn
Br Ms2P'-O 89 %

X \x H

red. dimmr ?

Sche~me 8, Synthetic appircaition 4f tte drisannane resin.

Lastly. having gone through differenit exhausting series of experiments, tnc jiroak--
through has been achieved. The new reactive polymer can he u.sed 1'0: the ba"Ic
entrance reactions into free radical synthesis (scheme 7).

It works better than expected fronm theoreticti points of view: JAPIO dtlrrsroil
processes, perhaps of two-dimensional kinds in the pores, and aI long-lived triplet-state
of the immobilized aistarnanf. may be anticipated. MAanifestation of the kinetics. and
the theoretical background need, further investigation.

Separation by filtering off, and regeneration of the reagent fo, mu11tiple: Use. aIs
shown above, is achieved without any problem.

Finally, two uophistiv~ated examples should dcmonst rate the synthetic appirc,1*1n
of the new poly, tyrerne-supported dista inanec (scheme 81.

4. Conclusion

This new, photochemical gpneration of stannyl radicals from distannanes opens u p
a broad variety of possibilitiins for interesting firee-radical reactions useful in organic
syntheses. hopefullý also for molecules of biological. pharmaceutical or tither
importance. And, one day, our "daylight la~mp", maybe, will be replaced by real
daylight oif the same wavelength (perhaps by means of a collector,, i.e.. by the source
of daylight, the sun itself.
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Photocyclization of arylethylenes: Mechanism and
scope of the reactions

R LAPOUYADE
Photophysique ci Photochimie Moleculairc. LIA du CNRS N' 349. Universite Itordlealix 1
3340)5 Talence. France

Abstract. The photocyclization of three structural types ol arylethylenecs is systemnatically
investigated in order to provide new pathways to regiospecificall ' substituted and/or partially
hydrogenated polycyclic aromatic hydrocarbons. The scope of the photoforntation of
acenaphthcncs from x-arylokflins. in amine solutions, is discussed: when thc double bond Is
acyclic, only the naphthvl) and the pyrettyl derivatives are phoioreactive, hut when the double
bond is in a cycle, all the compounds whic;h lead to the frrws double bond photocyclite.
The amine-mediated l.3.-t4-shift, discovered with the preceding series, also occurs with
4a.4h-dihydrophenianth-rice. formed by irradiation of I. 2-diarvlethylenes. and leads t
dihydrophenattthrenes. The photocyclization of 2-vinylbiphenyls'is stereoselective front [lie

singlet excited state but not front the triplet, where at last equilibrium between E and/
configurations precedes the adiaibatic cyclization. The radical Cation of 2-vittyihiplielnyl
cyclize-i to at phena nthrenr radical ca tiont which initiates a protic Cat alysis to t he relalted
tuorenes or, in presensce of 2.6-di-t-bittypyridinc- oi water. leads stoichionietricilts to
Pltenunthrenes.

Keywords. Arvlethvci ics. plihotocvclizatiott a ritie-nied ated prot~o ShIift: t~lc0'cLN(iC
a rontat ic hvd rocatto is.

1. Introduction

Phottcvclization otf ar Viet hylenes is thc preferred tmethod for synthesis of tuatt

different polycyclic aromatic hydrocarbons (PAH). There is an overwhelming ;1at0Itoun
of literature, recently Surveyed (Laarhoven 1983: Mallory and Mallory 19H4: List (, '

1991). on the photocyclodehydrogenation of 1.2-diaryiethylenes (stilbene-likel into
angularly fused PAH (phenailthrene-like). We discovered the photocyclization (A
7-arylolefins. made chemnically' efficient by amine-induced proton tautomerism in thc
primary photoproduct (Lapc'uyade vt al 1977), and extended this base-mediated
1.3.-H-shift to the photocyclization of 1.2-diaryiczhylenes, leading to dihydro PIAH
(Lapouyadc et, al 1982b). We alto investigated the cyclization of the 2-vittylbiphenyls
(VB) from the singlet and the triplct excited states and from the radical cations
(Lapouyade et al 1975, 1985, 1987; Fornier de Violet et al 1982).

In order to enlarge the field of PAIl accessible by photacyclizatwin of aryloleftns,
we present the main results of a systematic study on the mechanism of cyclization of'
these three structural typei of arylolefins from the singlet and the triple~t excited state,,
and from the radical catiorns.

603
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2. Photocyclization of at-oryloleflns

2.1 1.1 -Diarylethylenes

lI a-Styryl) naphthalene (1) yields 1-phenyl acenaphthylene (11) by irradiation in the
presence of iodine and oxygen (Lapouyade et al 1975). This cyclization is not triplet
sensitized (nor quenched by oxygen) and is therefore ascribed to the singlet excited
stat-.. When amines are added to a degassed cyclohexane solution of 1, the reaction
is accelerated and l-phenylacenaphthene (111) is the almost exclusive product. The
catalytic capacity of the amines appears to correlate with their basicity and not with
their ionization potential, The labelling experiments, as the fact that all the compounds
which do not cyclize in the absence of amine, do not cyclize when it is present, argue
in favour of a reversible cyclization which, in the absence of amnine, very inefficiently
gives 11 and Ill while amine generates an ion-pair which collapses into III (Lapouyade
et al 1977) (scheme 1). Of the several I -(a-styryl) arenes irradiated, only the naphthyl
and the pyrenyl derivatives cyclized while, for example, the fluoranthenyl and the
chrysenyl derivatives were photostab'e. This contrasting behaviour can be correlated
with the fluorescence characteristics (figure 1): while the emission of the unreactive
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H Ph ~ Ph H P

(0) H Hl~f H (0)

II ~~Ph ,~

Reactive Fluorescence Unreaclive

'F
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370 390 d.10 430 100 1.80 560 )k nm)

Lifetime tns)
1 -(a-styryl) naphthalene: 0 8 1 -(a-styryl) fluoranthene: 33
Naphthalene: 98 Fluoranthene: 53
1 - (* -styryl) pyrene: 64 1- (2-styryI)chrysene: 30
Pyrene: 450 Chrysene: 44

Figure 1. Fluorescence and singlet exe-ted state lifetime of l-ts-arylholefins.
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Table I. Quantum yield' of photocyclization of I-(oE.styryI)naphthaienes.

L, H CN O(Mc NMe 2  HC 0

H I It III IV
CN V VI

Compounds

Sov{.nt I II III IV V VI

C,,H,, 0.31 (.12 0 2 < 10 'to <10 < 0t
CH.,CN 040 016 I-5x 0

'Irradiat•on at 373nin of u 5 x 10 'M solution of I -VI with 0-22 M of 1.3.
diaminopropane

compounds, illustrated by the a-styryl fluoranthene is similar to that of the parent
arene (fluoranthene), the reactive compounds have a fluorescence spectra which has
lost the vibrational structure of the parent arene, as illustrated by I, and their lifetime
is very much shortened as expected for a singlet excited state with an additional
non-radiative deactivation path. In other words, the unreactive compounds can be
classified as the parent arenes with a substiluent perturbation and the reactive ones
as new chromophores including all the i electrons.

The simplest reactive system (1) has been substituted to reveal the electronic require-
ment for the reaction: the unsubstituted compound (1) cyclizes more efficiently and
the derivatives which have a large charge transfer character in the excited state
(p,*v = 16.5D, Eckert et al 1988) do not photocyclize (table 1).

2.2 1-(o.Ar0v)cyvCoa1kenes

While the scope of the photocyclization of a-arylolefins with an acyclic double bond
was rather narrow, two results led us to explore the photoreat.aivity of a-arylcyclo-
alkenes: in a preceding work we showed that when the triplet energy of the aryl group
is high enough a perpendicular triplet state is formed and a trans double bond in
the ground state ensues (Lazare et al 1984), and some years earlier (Dauben et al
1979), the high dienophile reactivity of a trans cyclohexene had been evidenced by
an intramolecular Diels-Alder addition to I-phenylcyclohexene,

With the cyclohexenyl derivatives, only the triplet energy of benzene is high enough
it) induce the formation of a perpendicular triplet (Lazare et al 1984) but naphthalene
leads to the isomerization of the double bond of a cycloheptene or a cyclooctene
cycle and cyclization follows (figure 2).

In the series I-(•-aryl) olefins we have discovered two new types of photocyclization
with very different structural restrictions: while fluoranthene and phenanthrene
derivatives are not reactive in the singlet excited state, they cyclize by sensitization
of the cycloheptenyl derivatives from the trans double bond (Lapouyade and
Nourmamode 1984).
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Figure 2. Reactivity and potential energy curves of I-Io-arylicyclailkenes.
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Figure 3. SleretcniiLry df pholtocycatirn o1 I-.I--ryl)cthylcn.

The stecochcmistry of these aniine-mediated ,:yclizations is the ,esul of the
protonalion of the bcnzylic anion from the less hindered side i.e. that of tile vicinal
hydrogen and consequently leads predominantly to the ci.s isomer particularly with
the more hindered amines (figure 3).

3. Photocyclization of 1,2-dlarylethylenes in primary amines

The amine-mediated 1,3-H-shift discovered with the photocyclization of l-(O!-styryl)na-
phthalene has been extended to the photochemical syntheses of dihydro PAH from



Photocyclization ?f arvlh'thyhencs 607

M#q MesWf\Me M

H H 2- 000

Me me
7 • _Y_. (30'1h)

Mee

Filture 4. (C,.mparative products of the photocyclization of orlhoiiclhylsfilhne under
(a) oxidative conditions (02 -I.). (Nt non-oxidantive conditions c mc it ions (RNH. f I-oltowed
hy r)DQ oxidation.

1.2-diarylethylenes (Lapouyade et al 1982b). From stilbene the predominant product
is 1,4-dihydrophenanthrene (Couture et al 1975) while largcr diarlethylenes give only
compounds analogous to 9,10-dihydrophenanthrene. The mechanism of amine-
promoted prototropy, in the intermediate dihydrophenanthrenes has been elucidated
(Woning et al 1990). Beyond the access to dihydro PAH, amine prototropy reduces
the loss of orthoalkyl groups during the photocyclization of orthoalkyl stilbenes
(figure 4).

Unfortunately the regioselectivity of cyclization of metaalkyl stibenes is not
markedly changed by substituting iodine by amine and 2-alkyl and 4-alkyl phenanth-
renes are formed unselectively.

If we consider l-(a-naphthyl)1.2-diphenylethylene. the photocyclization could take
place from the rotamers of two isomers (E and Z) to lead to three products. Whatever
the trapping agent of the primary product of the photocyclization (iodine or amine)
the relative yields of the three photoproducts are very close (figure 5), which is certainly
due to a complete trapping of the photocyclized intermediates,

(12-02)11 RNHZ

(15%) 17%) (2B%)

8S 6% 1",0% 34%

Figure5 . Phottocyclizution of -(a-nuiphthyll,.2-diphenylethylene.

S... . . .. . . .. . . . . . . . . .. .. . . . . ..
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Figure 6. Photochcnical synthesis of pentahelicene.

4. Cyclization of 2-vinylbiphenyls

While 4-methylphenanthrene is not regioselectively formed from the photocyclization
of meta methylstilbene, irradiation of 2-vinyl-2'-methyl biphenyl leads to 4-methyl-
phenanthrene only, certainly because the bay-interaction between the vinyl and methyl
groups inhibits the formation of the corresponding rotamer.

We have earlier shown that a conrotatory cyclization followed by a 1,5-hydrogen
shift accounts for the complete stereoselectivity of the singlet cyclization of 2-vinyl-
biphenyls (Lapouyade et al 1980). The sensitized reaction is often more efficient but
is not stereoselective unless the double bond is part of a cyclopentene or a cyclohexene
ring. When a 90" twist of the vinylic double bond is allowed, the resulting perpendicular
triplet gives a non-stereospecific cyclization (Lapouyadc er a! 1985). A laser-flash
photolysis stuujy shows that the triplet cyclization is an adiabatic reaction giving a
polyene in the triplet state (Lazare et at 1985; Bonneau 1986).

From the synthetic point of view the photocyclization of 2-vinylbiphenyls provides
the route to a large number of monofluoroPAH (Lapouyade et al 1982a) and improves
access to pentahelicene where the classical oxidative photocyclization of 1,2-di(fl-
naphthyl) ethylene inevitably leads to a mixture of pentahelicene and benzo-perylene
(figure 6).

5. Reactivity of the arylethylene radical cations

Catalysis of the Diels-Alder reaction by single-electron acceptors has been shown to
provide a powerful and highly selective route for the cycloaddition of neutral or
electron-rich dienophiles to conjugated dienes (Belleville et a/ 198,i. Owing to the
bichromophoric character of several of the arylethylenes, one could expect that the
radical cation of one part of the molecule could add electrophilically to the unsaturated,
electron-rich other part. As ground-state oxidizers, we have used tris-(4-bromophenyl)
aminium hexachloroantimonate, and as photochemical oxidizers, cyano-arenes in the
singlet excited state and quinones in the triplet excited state.

5.1 1,2.Diarylethylene radical cations

Whatever the oxidant, 1, 2-diarylethylenes lead only to cis ; trans isomerization, and
when only the cis isomer exists, as in 1,2-diphenylcyclopentene, the starting compound
is recovered.
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Figure 7. Reactivity of tl-(-styryl)naphlhalene radical cation,

~Y a
+ VHB+

Figure 8. Reactivity of 2-vitiylbiphenyl radical cations.

5.2 1.1 -Diarylethylene radical cations

I, 1-diarylethylenes with a vacant per! position, where a cydization could be expected
to occur, do not lead to any intramolecular reaction, but instead to [2 + 2] and
[2 + 4] cycloadditions, as has been observed with I, l-diphenylethylene (Mattes and
Farid 1986).

We have observed this chemistry, illustrated with I (figure 7), with several 1 .(o-styryl)
arenes. When the oxidant is an excited cyanoarene. we also separate a dehydrogenated
[4 + 2] cycloaddition product and the reduced sensitizer.

5.3 2-Vinylhiphenyl radical cations

With 10", of tris-(4-bromophenyl)aminium hexachloroantimonate in methylene
chloride, 2-vinylbiphenyls lead to the radical cation of the electrocyclization product
which initiates a protic catalysis to the related fluorenes or, in presence of 2,6-di-t-
butylpyridine or water, Ntoichiometrically gives phenanthrene derivatives, With
photochemical oxidants, only phenanthrenes or 9,10-dihydropl'enanthrenes are
obtained (Lapouyade .t al 1987) (figure 8).

6. Conclusion

We have discovered the photocyclization of a-aryl olefins mediated by primary amines
and delineated its scope according to whether the double boad is acyclic or is part
of a cycloalkene. In the 1,2-diarylethylene series, irri Jiation in presence of amine
leads to dihydro PAH and protects the alkyl group in the ortho-position against
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elimination after cyclization. With 2-vinylbiphenyl compounds the stercochemistry
of the cyclization is a function of the excited state multiplicity and from the radical
cation, clectrocyclization can be pursued by a protic catalysis.

Three structural types of arylolefins have been evaluated as nrecursors for the
photochemical formation of PAH.
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1. Introlduct0o

(otrnplcxc% of closed-shell metl Ion1%. %uch a'. itinct li ad 4:adtntuik Y-G! arc iui~i..ll
colorless. This is a-asihv tuidcrsttood tin '.ie% of their d"' vcscd*-.hcE !-iftit u(ure'. I ir'.l
of all. no ligtmnd-field d d transitions evist I urther. since: the enerp requitcd N,
remove an electron from the it"' confliguratiton i% quite high ffor examrtple, thC :o~n;1'AItmr

cnergy of a free Zn` ' on is - 4OcVt, the contrihiution of nmetal-ro-ligaiim.
charge-transfer (MLCT~ states it) the iow-Ivinj excited manifolds tin complecsc, Should
he very small. Nonetheless somne zinc complexes are deepl) ~olored W(roib% ct 4j)
19115) These colored materials are of the typrr. /niNWtf 5. where NN tepres.cuk an
aromatic ditimte higand. such as 1. lO-plienanthroline or 2.2 -hipyridinec and SS
represents either a dithiol or two monothiol ligands Previous studies fl-ighiand er al
1986. Yamamoto et uat 1990) have aisigned the lowest cncrgý ;:%ciled statetot
responshibe for the color to those involvinlt challge transfer from the !;% it the N%
ligand. These types of excited states are commonly dcmigtiated a% ligand-tmt-lgand
charge-transfer (LLCT) states

In order to quantify the nature of these low-lying iLL(TI excited state% in the
present paper. we examine the phosphorescence %pectra oft it wtietit %:oc~mpkcxc1 oll
the general formula. 7.nIX-PhSltphenI. %%here X -~ 1-_ 4-0l. H1. 4(11, . 44'11,().
PhS t Ihiophenol; phen -- 1. 1 -phenianthroline With the aingic Ccxcption of
Zn14-CH,0-PhSy~phen). all these compkexes disiplay phosphorescence in NOh thr
phcri-locahired 'ni'r andl '[1( excited states In the current tnxesttgation %%c report

tat ctWTElpOndetfi
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ilem I. Sdmalw duapaM for measurMMICul of ODMR spec.-ra ScPOCrra %ecre ,ncl-edirc
'ika 5pew I 702 nmoachtimalor equipped with a Hamamatsu R 38% f¶hottmullilt~.If

FictialsIim c&'uire *as a 5M0W Xv lamp cmtwvned with A Nikon 6250 monixdiwon~iatw
4ed waler (O11(1 Microwave pwerC was spphed from a HPK(M~B sweep i-acullator with in

appcjcpralc p4lupmn mtluk- Its ftertieft *at ,wepI in an exter-rial F'M moxit Mhe signal
frimn the phibxiismultaplier. Amplufied h) an ()RTF('46Nt handpass Amrpiifer. IAAS fed 'nt,,

Kawaxaki FictCrlofllC IMR-10 liarnsent memofv

data on the icro-field levels of the phen-lowcalaicd `Xn* excited states as obtained
from the optically-detected magnet ic- resonance (OLIMR) method.

1. Eitpurilmeuajl

The spectroacopic properties reported in this 71aner are ja) phosphorescence spectra,
thli magnitudes or the zero-lield splittings. (tci Iota] decay-rate constants associated
with the individual --pin sublevels of the phen-ltmcalized 'nn* state. and (d) relative
r.,diative decay-rate constants (at the 0,0-band of the phenlocalized 3tlr*
phosphorescenice) or the spin sublevels.

The experimental apparatus for the ODMR measurements is schematically shown
in figure P The microcrystalline sample was cooled t , 1-3 K and irradiated by light
fromn a R)O-W xenon lamp. The phosphorescence was dispersed by a Spex 1702
MOVOChromator and detected by a Hamamatsu R M196 photomultiplier tube coupled
to an appropriate amplifier and a transient digitizvr. 'Microwaves were applied from
a H 1' 86909 sweep oscillator operated in the FM mode, and the resultant signal was
fed t- a computer for accumulation and further dJata processing.

I. Nummks and dheU..ho

A I Phas~phoireu'ence .speura

As a typical example of the luminescence dssplayed by these complexes, the
phinphoreicsince spectrum of Zn("-C-PhS)1(phen) is shown in figure 2. The spectrum
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Cr
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Wavelength / nm

Iru4. I. Ph Oyp~cni .11 4 ' K

coti~iti of two component% Vhe %hort .waveclngth part t% -tructurcd..ind the '.pcci r urn
almost coincides with that of the uncoordinated phen. therefore, 1111% coniponent hIm,

tven assigned to emission front the 'Yryx level of the phcn ligand 11he Itinf;%.i~celcngih
com-,xinent. which is ob-A-rved oi~ly from mitxed-ligar'd complexe. 1% broad an1d
%tructureless and WOS Originally assigned ito emission front the 'H. Cl %itichc..ii
oIf its millisecond lifetime at 77 K. This 'I l.( asuignmenit Aii% corrohidited Loiei
hy the ODMR action spectrum lNo.,aki vi a 1I94~2).

3.2 Zero-field sphi~tiny.% o ~theii phen-ioralieid 'Iit' leit,)

Zero-field energies can easily he obtained fromn the frequencies titt the ohwr~cd
olicrowavc transitions. Direct comparison oif these fero-lield energies from %arioin.
complexes is meaningless. however, because the directions (if tht: spini ae iiSC tc% not
be identical. Therefore. wc discuss the iero-field splitting,, in !crill% of the
spin-axis-indlependent quantity. I)*, which is defined is follows I Mc(.ilynn er al 199

where X, 1Y, and Z are the energies of the triplet suihlevels measured from the Centel
of gravity. i.L . X + Y + Z 0. The D* values obtained are summarized in table I
For comparison, we also include the data from ZnCI2(phen). which has no [fA1
low-lying triplet state.

As table I reveals, the D* value (if the phen' localized 'itim level varies as the X
substituent on the thiol ligand changes. This experimental evidence clearly indicates

rublet. Zero-Field bplitting parameter D*. and the '7zin' 'LL('T
mixing coefficients.

I)P(CH r. CoS2 O Sifl 2.

ZnCI2 (phen) 3.92 1.00 0
Zn(F, -PtS), tphen) 3-88 0.99 0t01
Zn(4-Cl-PhSt 2tphen) 383 0911 0.02
Zn(4-CH,- PhSl2 (phen) 3.76 0-96 0-04
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that the excitation energy of the so-called "phen-Iocalized"* state is really delocalized
over the whole complex and that the degree of delocalization depends on the X
substituent on the thiol ligand. In table I the complexes are listed in increasing order
of the electron-donating ability of the X substituent. The data show that the D* value
decreases as the electron -donat ing ability of the substituenit increases. We interpret
this to mean that the degree of delocalization in the excited sitate also increases in
the same way.

It is convenient to describe the delocalization of excitation in terms of a valence-
bond-type mixing of a pure 'LLCT state with a pure 'nir* state. In this framework
the wavefunction q' for thle low-lying (emitting) state is expressed as follows:

IF = cos7O(lnrn*) + sinY~OCLLC'T). (2)

Thus. M) associated with the emitting state can he expressed as

M o)91 + sin 22)'L ) t3)

%% here 1) j'.'rrr) is the D* value of a pure Inn* state and can be approximated from
tile experimental value for ZnCl,(phcn). which is 3-9261-1z (see table I). Further,
DO( 'I.L.CT) is the I) value ofa pure 'LL.CT state. The D)' value for the charge-trainsfer
state %hould be extremely small since the electrons are spread over two diflerent
ligands. The required D)' value for a pure 3l11(T state is. however, net available
because any experinentally acce~sihle ' LL( slate has considerable contribution
fromn a necarbyý Inn* state. Therefore, as, at first appi oximation. we set thle value
D*t 'I.lA.C) ito /ero. The mixing coefficients in (2) calculated in this manner are also
tabulated in table 1. The calculation shows that the degree oit mixing of the '.1.("T'
state with the Itnn level increases as the ekectron-donating ability of the substituent
X increases.

3 3 Ki ,u'til paramneterv foir triphq Si subvcls of fill 'nnl* IerDml

The total detay rate constantls, kjui =. I.v. :1 and the reiative radiative rate constants
k'ircl)were determined for the 'nr sublevecls.%The results are summnarized in takble2

First, we consider the total decayv-rate constant (that is. the sum of the radi:itlvc
and radiationless decay-race constants) for the individual sublevels, A taie
treatment of the data for the individual levels will be presented elsewhere (Y oiamoto
et al 19931- Here we dis~uss the general behavior in terms of the average rwe constant.

tabli 2. otali dhecav rate~ constani', .u~ii x. i:1. and the r~ttlstw ra~duiatve decay rate
consilnts. A' Irel (iU -. i.:1 associated with the individual %pin uhtevel%

QiS I Arell

% I*%verjac I.

Phen t*36 0-49 1: A 1 2 0019 (106 100~
ZniF, PhSt,(phcni (1-68 I117 4847 :% ! 014 1 A) (0403
Znt4 Ct PhSlaphen) 7.62 3.52 148 421 0124 t(Ax) ()-()5
ZntlPhS)a(phcn) 1162 4017 1 59 476 0.36 t0) 0.14
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k[k = (k, + k, + k:)/3]. Table 2 shows that the average decay-rate constant of the In 77*
level of uncoordinated phen generally increases with complexation. This experimental
evidence is again interpretable in terms of (2). The decay-rate constant for a pure
3LLCT is - 50 s - ' .gnificantly larger than that of the pure 3nn* state. Thus, the
finding that as the electron-donating ability of the substituent X on the thiol ligand
increases the decay rate also increases is well accounted for in terms of the mixing of
the pure 3LLCT staie with the pure Inn* state (Nozaki el a! 1992),

We next focus attention on the relative radiative rate constants of individual
sublevels. As table 2 indicates, for uncoordinated phen the .-sublevel is the most
effective for the radiative transition to the ground state. On the other hand, for all
the Zn(X-PhS) 2(phen) complcscs we have studied to date, the y-sublevel is by far the
most active in the radiative transition.

Mechanisms for radiative transitions from the triplet spin states of the 'B,(2Urr)
level of uncoordinated phen are schematically expressed in the conventional way
(Yamauchi and Azurni 1978) as follows:

dil 1, - to rhhddid

'B., S,

"I H ',,, (~*) 5,

The spin-orbit-coupling matrix elements associated with the T, and the /I. sublevels
are one-center type. However, the dipole transition associated with the radiative
transition from the T, sublevc.1 is group-theoretically forbidden. Thus, the "1; sublevel
is expected to be the most radiative. This theoretical expectation is indeed confirmed
experimentally (Ikeda et at 1992).

In complexes the wituation is different. These complexes do not nave ('2, symmetry.
Therefore. the forbiddenness of the radiative transition from the T, sublevel is formally
lifted: that is, none of the sublevels in the complex is group-theoretically forbidden.
Thus, to rationalize the experimental results we must examine the coupling
mechanisms a little more quantitatively.

The geometrical structure determined by X-ray anaiysis for the Ziit4-('I-
PhS)2(phen) complex is schematically shown in figure 3 (Gambie (i R and Crosby
G A. unpublished work). As seen from the figure, one o. the thiol ligands is located
directly over :he phen ligand. Therefore the LLCT state can he ascribed essentially
to charge transfer from this adjacent thiol moiety to the phen ligand with a substantial
contribution from the coordinated sulfur of the distant ligand. This supposition is
supported by our extended Hiickel calculation. We further note that the in-plane
short axis of this thiol molecule is almost parallel to the v axis las seen in figure 3.
the phen is almost in the v: plane). In view of this geometrical structure, mechanisms
for radiative transitions from the "LLCT sublevels can be schematically expressed as

T.(n,,n*) H--U- 'LLCT(nsn*) " S,

T,( n,k n* i it 2'LLC-T(n,,n*) ' S,

T, (n,h n) M 0-1LLCT(ns n*) So.
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Figure 3. (ii•cmeirical %truclure of Zn(4-Ct-PhS)2lphcn) and principal spin axes. Spin axes
Ithat is. axes thai diagonalwe the %pinspin coupling tensor) were determined by an extended
Huckel calculation. In this axis system the molecular plane of the phen molecule is aultmost
in the i: plane. Note that the in-plane short ixis of one of the benivnethiol nomocule', i,
ncarly parallel it, the v axis.

where •t,, is the 7t orbital on the benzenethiol ligand. n* refers to an orbital on the
phen ligand. and ii, i% the non-bonding orbital centered on the S-atom of the Chiol.

In the above scheme, spin-orbit coupling between the 'LL(T and 'LL('T states
contains a one-center spin-orbit term on the S atom and should have a significant
value. ('loser examination of the spin-orbit-coupling terms reveals. however, that
there is ltttle diflercnce among the three routes described above; that is. from a
consideration of the .piti-orbit coupling alone, any sublevel selectivity observed
experimentally cannot be understood. therefore we must examine the riiagnitudes
of the dipole-transition moments.

For the transition between the [L.CT state and the ground state, theoretical
evaluation of the transition dipole moment is difficult because no one-center term
exists. We. therefore, appeal it) a simple approximation. We assume that the transition
dipole moment is proportional to the overlap between the component orbitals of the
combining states. As can be seen from the geometrical structure in figure 3. the overlap

ex-lwcen the -r,, and n* orbitals is much larger than the overlap between the ns and
n° orbitals. Hence we predict that the %-sublevel should he more radiative than the
other two %ubles•ls. This is indeed what we observed experimentally for all the
complexes.

4. ('onclusions

The iero-field splitting parameter. D* of ZnlX-PhSjiphen) complexes decreases as
the electron-donating ability of the X substituent on the benzene thiol ligand increases.
This trend is satisfactorily interpreted in terms of a valence-bond type mixing of the
i•l..T state with the phen-localized Yrtyr* state. The radiative properties of the
phen-localized -•*'ir state were also determincd for the individual sublevels. For
uncoordinated phen the :-sublevel is the most active, whereas for all the complexes
the v-sublevel dominates. This experimental observation is rationalized in terms of
the magnitudes of the dipole transition moments between the mixing 'LLCT state
and the ground state.
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Studies of photochemical reaction by CIDNP-detected ESR spectrum

Q MENG, Y YAMAKAGE, T AIZAWA, K MAEDA and T AZUMI*
Department of Chemistry, Faculty of Science, Tohoku University. Sendai 980, Japan

Abstract. CIDNP-detected ESR spectroscopy was applied to the study of photochemical
reaction. In the CIDNP-detected ESR spectroscopy, the spectrum due to intermediate radical
pairs and the spectrum due to free (escaped) radicals can be separately observed. The spectrum
due to radical pairs is called stimulated nuclear polarization (SNP), and the spectrum due

to free radicals is called dynamic nuclear polarization (DNP). The method was applied to
the study of photochemical reaction of 2,6.dichlorobenzoquinone and the isomerization of
quadricyclane assisted by photoinduced electron transfer, and the chemical species of the
intermediate radical pair and of the radical were clarified,

Keywords. CIDNP-detected ESR; dynamic nuclear polarization: dichlorobenzoquinone;
quadricyclane

I. Introduction

CIDNP-detected ESR spectroscopy is a device to detect ESR spectra of transient
free radicals and radical pairs by monitoring the effect of microwaves on the CIDNP
spectra of reaction products. The novel aspect of this method is that the ESR
spectra of radical pairs and of free radicals can be separately measured (Bagryanskaya
et al 1986). The nuclear polarization created by the ESR transitions of radical pairs
is called stimulated nuclear polarization (SNP), and nuclear polarization created by
the ESR transition of free radicals is called dynamic nuclear polarization (DNP),

The mechanism of SNP is schematically illustrated in figure I for a radical pair
having two electrons (from radical A and radical B) and one proton. We assume that
only radical A has a proton. The figure illustrates the case where the exchange integral
J equals zero. The allowed microwave transitions are indicated by vertical lines in
the figure. If we could record the ESR spectrum of such a short-lived radical pair,
the spectrum would look like the one shown in the right upper corner of the figure.
That is, the spectrum consists of two hyperfine lines for radical A and one line for
radical B. However, it is absolutely impossible, at this stage, to record the ESR of
such short-lived species. In the CIDNP-detected ESR spectroscopy, we monitor the
CIDNP of either the cage product or the escaped product. In the case of the negative
hyperfine coupling constant and the triplet precarsor, as is shown in figure 1, the
microwave-induced change of the NMR would be E/A (emission in lower field and
absorption in higher field) for a cage product and A/E (absorption in lower field and
emission in higher field) fur an escaped product. The case of singlet precursor is
illustrated in figure 2. In this case the SNP spectrum should be A/E for a cage product

For correspondence
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A<O T- precursor J=tl

I.SR

"W((IN L L
"v*A/2 me.A12 lb

U ON ANMR(cage product)
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Figure 1. Schematic illustration of the mechanism of stimulated nuclear polarization for
the negative hyperfine coupling constant and the triplet precursor.

A<O S precursor J=O

LSR

"u'.A/2 se.Ai2 ltab

ANMR(cage product)

ANMVR(meape IprJuct)

Figure 2. Schematic illustration of the mechanism of stimulated nuclear polarization for
the negatie hyperfine coupling constant and the singlet precursor.

and EIA for an escaped product. As is understood from these figures, the characteristics
of SNP may be summarized as follows.

(1) SNP corresponds to the ESR spectrum of radical pairs.
(2) Sign of polarization differs among hyperfine lines. Thus in the one-proton case
shown in figures 1 and 2. the SNP spectrum is either EIA or AlE. Thus, the SNP
spectrum is symmetric with respect to the center of inversion.
(3) The polarization pattern (EIA or AIE) is determined by (i) precursor spin state,
(ii) reaction product that is monitored, and (iii) microwave power.

The mechanism of DNP is schematically illustrated in figure 3 for a free radical
having one electron and one proton. The figure illustrates the cases for both positive
and negative hyperfine coupling constants. As is understood from the figure, by the
cross relaxation in which total spin quantum number is preserved (i.e. Am - 0) the
population transfers from the flN nuclear spin state to the otV nuclear spin state in
the intermediate radical, thus leading to the enhanced absorption in the NMR of the
product (that is, absorptive DNP), By the cross relaxation in which total spin quantum
number differs by 2 (Am = 2), on the other hand, the population transfers from the
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A<0 A>O A<O A>O

N 081' N eQN (JeliN
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lPe"N ft lelN Pe"N POetN

DNP spectra
Figure 3. Schemafic illustration cf thc mechanism or dynanic nuclear polaruzation

a.,€ nuclear spin state to the /,f nuclear spin state leading to the emissive DNP. The
characteristics of DNP are summarized as follows.

(1) DNP corresponds to the ESR spectrum of free radicals.
(2) Signs of polarization are the same for all hyperfine lines. For a specific case of
one-proton radicals shown in the figure, polarization pattern is either E/E or A/A.
Thus the DNP spectrum has mirror symmetry.
(3) The polarization pattern (absorption or emission) is determined only by the
mechanism of cross relaxation (whether Am = 0 or Am = 2). It is important to note
that the polarization pattern is independent of the sign of the hyperfine coupling
constant, contrary to the polarization pattern of CIDNP or of SNP.

As is discussed above, the observed CIDNP-detected ESR spectrum is composed
of SNP and DNP. Because of the difference in symmetry (inversion symmetry of
SNP and mirror symmetry of DNP) we can easily decompose the observed spectrum
into ihe two components by simulation. (For example, any contribution in the center of
the magnetic field should be due to DNP).

We have utilized the technique of SNP and DN P in analyzing various photophysical
and photochemical processes. In this paper, however, we discuss only the following
two subjects. The first is concerned with the hydrogen abstraction of dichlorobenzo-
quinone, and the second is related to the isomerization of quadricyclane assisted by
photoinduced electron transfer.

2. Experimental apparatus

The apparatus for the measurements of CIDNP-detected ESR is schematically shown
in figure 4. This apparatus is essentially identical to that reported previously (Meng
et al 1990). The sample solution was circulated by a home-made flow system through
a sample reservoir, an ESR cavity, and an NMR probe. The sample was irradiated
by a 500 W mercury lamp at the ESR cavity. The products of the chemical reaction
were rapidly transferred to the NMR spectrometer, where CIDNP was measured.
The transfer rate should be faster than the nuclear relaxation time, which is of the
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X..and
500W m~ctowavr
Hg Ism MagreOt generator

Pump

NMR Sample
spectrometer

Figure 4. Expetiniental apparatus for the measurement of CIDNP-detected ESR spectra.

order of a second in the present case. Microwaves amplified to 2W by a TWT
amplifier were applied at the ESR cavity. The plot of micrewave-induced intensity
change of CIDNP as a function of the external magnetic field constitutes the
CIDNP-detected ESR spectrum.

3. Hydrogen abstraction reaction of 2,6-dichlorobenzoquinone

The mechanism of hydrogen abstraction of dichlorobeazoquinone (abbreviated as
Q) is schematically shown in figure 5. The mechanism is essentially identical to that
of benzoquinone (Pedersen et al 1975; Elliot and Wan 1978). Photoexcited triplet
5tate of Q abstracts hydrogen from a hydrogen donor and the triplet radical pair is
produced. The triplet radical pair may dissociate either to semiqttinone free radicals
or by intersystem crosses to the singlet radical pair. The singlet radical pair may
recombine to produce nuclear-polarized Q (denoted by Q* in figure 5). The escaped
radicals may utidergo further reactions. We note, in the case of dichlorobenzoquinone,
that two types of semiquinone radicals, as shown in figure 5, may be visualized.

This is more specifically illustrated in figure 6. The hydrogen from the hydrogen
donor may attack either the oxygen that is close to the chlorine or the one that is
far from chlorine. Let us denote the former path as path 1 and the latter path as
path 2. We denote the radical pairs created by paths I and 2, respectively, as radical
pairs I and 2. The radicals created by the dissociation of these two types of radical
pairs are similarly denoted by radicals I and 2. As is discussed above, the two types
of radical pairs may be detected by SNP, and the two types of free radicals by DNP.
For this purpose we have measured the CIDNP-detected ESR spectrum.

How we construct the CIDNP-detected ESR spectrum from experimental data is
illustrated in figure 7, The spectrum (a) is the ordinary NMR spectrum of the ring
proton of Q. Upon irradiation by light, the NMR spectrum becomes like (b); that
is. we have absorptive CIDNP. Now, if we further apply microwaves the intensity
of the CIDNP is changed. If the external magnetic field is 323.67 mT the CIDNP
intensity becomes small as is shown in (c). Thus we have emissive CIDNP-detected
ESR signals. If the external magnetic field is shifted to 324,75 mT, then the CIDNP

..... . . .
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Q RHi---QIl- *R---,Q'H + R (2)

QH. .R ---. Q* 4 lRU (3)

2 ..H-QI, QH--Q¾ QH2 (4)

QH - Q-- Q'+ H (5)

b 0

ýH: or I
OH DH

radical 1 radical 2

Figure 5. Mechanism of hydrogen abstraction reaction of oichlorobenzoquinonc.

CI I I

•ca,''lll 0110tt
radical pair- 2 radical •

---- -- --- T----

Figure 6. Chemical species that may be present in the hydrogen abstraction reaction of
dichlorohenzoqurnone.

IA A

6.t Iti Y

without tight siii1th ight with tight with light
without microwave with microwave with microwave

Bo=323,67 mT B0=324.75 mT
(a) (b 7 {C) i d)

Figure 7. The NMR spectral data that constitute the CIdNP-detncted ESR spectra.
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site 1 site 2

L -r I K,1 =i R2

,Kr jKc

$22.61 323:l 22. 0 533- 3 24 .5 324.0 322, Re.-rnhjninalion
Ma•lnW ield I mT proud Ilixit

Figure 8. CIDNP-detected ESR spectrum Figure 9. Illustration of the two-site model
observed during the photolysis of dichloro- in the stochastic Liouville equation.
bcnzoquinont.

intensity increases, that is, we have absorptive signals. The CIDNP-detected ESR
spectrum is obtained by plotting the microwave-induced NMR intensity change with
respect to the external magnetic field.

The observed CIDNP-detected ESR spectrum is shown in figure 8. The dots are
the experimental points and the solid curve is the theoretical spectrum calculated in
a manner to be discussed below. The spectrum should be composed of four
components: SN? of radical pair 1, SNP of radical pair 2, DNP of radical I, and
DNP of radical 2. In order to determine the contributions from the individual
components. we try to obtain tWe theoretical spectra calculated from the stochastic
Lio iville equation (Koptyug et al 1990).

Tne stochastic Liouville equation that we are going to solve is as follows:

dp(t)/dt = - iLp(t) + Rp(t) + Wp(t) + Kp(t),

where L is the Liouvillian expressed as

Lp(t)-= Hp(t) -- p(t)H.

The spin Hamiltonian is as follows

H =H + H,
where

H, P•- Bo(W.S 0 , + gbSb) - g-JL1h' BoI,0 + Z liS,

+ SSb - J(r)(1 + 2S. S)

and
H, = PB- ji 1(g.S.. + gbS6x)cos(wOt) + (g.S 2Y + gbSb,) sin(wr)].

The stochastic Liouville equation was solved by a two-site model, which is
schematically shown in figure 9. In this model, site I represents a radical pair of large
J value that may recombine to a recombination product with a rate constant K,.
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Figure 10, Theoretical SNP spectra for the Figure II. Theoretical DNP spectra for the
two types of radical pairs. two typ.l of free radicals.

Site 2 represents thf. radical pair of J = 0 and may exit to free radicals with a rate
constant K,. The transition rate constants between sites I and 2 are denoted by K,
and K . The parameters that were determined so as to reproduce the structured SNP
spectrum ofduroquinone are as follows: recombination rate constant K, 5.0 x 10"s- "
exit rate constant K,= 3.0 x 10's -, transition rate constants K , 30 x 101s -,
and K -f= 1'0 x 10's-1, exchange integral J = - 5"0 x 10'rads- Even though
hyperfine coupling constants of radicals I and 2 have not been reported, they are
determined from the magnetic parameters of o-hydroxy-2,3,5,6-tetracl-lorophcnoxyl
radical a:id p-hydroxyphenoxyl radical (LandL "",n.-i 1979).

The theoretical SNP spectra thus obtained for radical p 'irs I and 2 are shown in
figure 10. We note that the polarization patterns for these t.vo species are different:
E/A for radical pair I and A/E for radical pair 2. This is due to the difference in the
sign of the proton hyperfine coupling constants. Also, the bandwidth of radical pair I
is much larger reflecting the larger hyperfine coupling constant. Theoretical DNP
spectra for radicals I and 2 are shown in frgure 11. These spectra were obtained from
simple stick spectra calculated from estimated hyperfine coupling constants for
semiquinone radicals multiplied by a Lorentzian line shape.

We try to simulate the observed spectrum in terms of the theoretical spectra of
the four species. The results of simulation show that the observed spectrum is well
reproduced by the sum of the SNP of the radical pair 1 and the DNP of the radical 2.
The contribution from the radical pair 2 and the radical I was negligibly small.

The experimental finding discussed above appears to be interpreted only by the
mechanism shown schematically in figure 12. That is, the hydrogen from the solvent
attacks only the oxygen that is close to the chlorine, producing only radical pair 1.
Immediately after radical pair I dissociates into radical 1, the hydrogen (or proton)
transfer takes place and only radical 2 is present as free radical. If this mechanism
is correct, the ESR and CIDEP spectra should indicate the presence of only radical 2.
The steady state ESR and CIDEP spectra (observed at 2.5 ps after the laser excitation)
are shown in figure 13. As is evident from the uomparison between the calculated
ESR line spectra of the two radicals, the observed spectra are both due to radical 2
which has smaller hyperfine coupling constants. Thus all the experimental evidence
appears to support the mechanism outlined above.
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Flgure 13. The steady state ESR and the transient CIDEP spectra of radicals produced
in the photolysis of dichlorohenzoquinone.
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4. Pbelile4hm As-a.e t Iioncteo 3( qudryelyae

Quadricyclane is known to isomerie lo norhornadiene in the prcsencc of Lhlorantl
after photo-induced electron transfer. The reaction is shown in figure 14, A question
has arisen as to the species of the intermediate radical pair. is it the cation like I or
that like I1?

1 IU

This was the question raised by Roth and coworkers sometime ago (Roth and
Schilling 1981, Roth et at 1981). They investigated the prcblem from the viewpoint
of the CIDNP rpectra and concluded that the intermediate radical pair is composed
of the cation 1. We try to solve this problem from tht viewpoint of the CI DN P-detected
ESR spectrutn.

The observed CIDNP-detected ESR spectrum in the L-band region is shown in
figure 15. The signal-to-noise ratio was not necessarily satisfactory. nevertheless, the
spectrum clarifies a number of important features. First of all. the spectrum is ofthe
A/E type and the observed CIDNP-detected ESR spectrum is entirely due to SNP.

4 0 IS free lo.nil

quadricyclane chloranl free Ion

0• A"

H 1(~H

H
norbornadlenr

I'lsure 14. Inomerization of quadricyclane to norhornadiene assisted by phuloinduced
electron transfer.

Abs. q) o

0 0 • (

o 0
0 0 C

Emi. 0o

1.5 rnT

53 64 55 56 67
Magnetic field linT

Figure 15. CIDNP-detected ESR spectrum observed during the photolysis of quadri-
cyclane.
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Further, the observed spectrum shows that the whole bandwidth of the SNP is around
1.5 mT.

That the AlE pattern was obtained in the case of the triplet precursor, indicates
that the hyperfine coupling constant is negative. It is quite important that by SNP
the sign of the hyperfine coupling constant can be determined without the knowledge
of Ag value.

It is interesting to compare our SNP spectrum with the ESR spectrum of the cation
radical that was produced by the X-ray irradiation of norbornadiene and quadri-
cyclane. Toriyama and coworkers analyzed the observed ESR spectrum in terms of
4 protons of 0.8 mT and 2 protons of 0.33 mT, and they denoted the observed species
cation II (Toriyama et al 1983. Nunome et al 1986). The width of [.5mT of our
observed SNP spectrum is much smaller than the hyperfine coupling constants
determined for species II. Thus we conclude that the intermediate radical pair is
composed of cation radicals of type I. This conclusion is identical with the conclusion
of Roth and coworkers. Even though the conclusion is identical, it is worth pointing
out that the species that constitute radical pairs can be determined from the SNP
spectrum.
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Electron -nuclear crossrelaxation effect on the photochemical

reaction of benzaldehyde as studied by CIDNP and DNP

YUZURU YAMAKAGE, QING-XIANG MENG.
SAMEH SAAD ALl. KIMINORI MAEDA and TOHRU AZUMI*
11epartmeti (if Chemistry. Faculty or Science. Tohoku University. Sendai 9H0. Japan

Abstract. The magnetic fiew dependence (if CIDNP wits measured for the phiolkly~i of
litnialdehyde. At high and low fields. respectively, the (IONP behavior is sat;.faciorily
interpreted by the N-1, and S-T mixing of radical pair mechanism 1RPM1 At around
12itmT the (iI)NP -if the aldchyde proton is emissive. which cannot he interpretted by
RPM. In order to understand this ianomalous behavior. we observe (lhe dynitmic nuclear
polarization

The l)Nt' sign shows that the cross-rclaxution mechanism of thle intermediate frec radical
is Am - 2 With this result, the emissive (IDNP at 3215m ni i interpreted by the triplet
mechanism (TM) with cross-relaxation-induced polarization transfer frorru electron spin ito
Iluclear %rin

Further, the time-resolved I)NP is observed with lasc. excitation and switching of
rnhterswavex. With pulse excitation, the feature% of('IDNP aind DNI' are differetit front that
with continuous light excitation This is interpreted ax dlue to the asvsociated increase oif the
initial cm'icentration of the ketyl -adical. From the time dependence oif the l)NI intevisity.
thec lifetime itlthe ket yl tad ili scsi mated to he or the order of hundreds or n~imtoscomi,

keywordi. (IDlNP CID, I N -detected I SR. DII) . crioss-rilasat iou

1. Introduction

Thc hydrogen abstraction reaction of bcntaldehydc is one of the most interesting
systems from the viewpoint (if the (1DNP generation mechanism. A number of
scientists (('loss and Paulson 1970. Cocivera and Trozzolo 1970, Atkins m t'l 1973:
Frith and McLauchlan 1975) have studied the CIDNP with continuous light at high
magnetic field. and the reaction scheme and the generation mechanism of' the nuclear
polarization have been thoroughly discussed. The time-resolved CIDNP has also
been studied with laser excitation by Tsentalovich el aI(1989) and the time-dependent
feature of the free radical has been discussed. The CIDNP behavior reported so far
is explained satisfactorily by RPM, Although tile generation of' CIDNP at higher
fields in NMR is obvious, the CIDNP process at lower magnetic fields is not
necessarily well understood.

As is discussed below, the CIDNP signal at a magnetic field of about 325mT is
anomalously polarized. A plausible pathway for this anomaly appears to be the triplet
mechanism (TM) (Adrian et at 1976; Meng et at 1993), in which polarization transfers
from electron spin to nuclear spin via cross relaxation. In order to examine the
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validity of the triplet mechanism in CIDNP, it is necessary to determine tle mechanism
of the cross-relaxation process (Am = 0 or Am = 2) The DNP technique is suitable
for this bccause the sign of DNP directly reflects the type of cross-relaxation process
as reported in the system of benzoquinone (Meng et al 1993). The DNP spectrum is
a component of CIDNP-detected ESR, which is obtained by monitoring the
microwave-induced nuclear polarization of the reaction product with different external
magnetic fields, The effect of the microwave irradiation on the intermediate radicals
should include two kinds of components: dynamic nuclear polarization (DNP) and
stimulated nuclear polarization (SN P) (Bagryanskaya et al 1986). DN P is a microw..ve
effect on free radicals. The saturation of clectron-spin transition of free radicais
generates nuclear polarization via cross relaxation. Therefore, generation of DNP is
a competition between cross-relaxation time and free-radical lifetime. The sign of
DNP is independent of hyperfine lines, and directly reflects the cross-relaxation
mechanism (Am = 0 or Am = 2). The SNP is an effect of the microwave transition on
radical pairs. Here the sign of SNP depends on hyperfine lines and the shape of SN P
should he either EIA (emission at lower magnetic field and absorption at higher
magnetic field) or A/E. We try to observe the CIDNP-detected ESR spectrum at
around 325 mT to determine the sign of DNP; ie. cross-relaxation process.

The dynamics of free radicals is closely related to generation of CIDNP by spin-
polarization transfer which competes with the quenching of free radicals. DNP'
phenomena directly reflect the dynamics o' free radicals and cross ielax:ation.
Therefore we ohserved the time-resolved DNP with the switching microwave
technique in order to discuss the time scale of dynamics of free-nrdical and spin-
polarization transfer processes.

2. Experimental

The experimental set-up for D)NIP measurement is showi. in figure I. We used the
flow system in order io carry out photoreaction in a va iable J.O[. RE-IX magnet.
and the NMR spectrum wa. measured at high fidld in a JEOL JNM-FXI(X) NMR
spectrometer. The sample was irradiated hy a 5tM W FIg-Xe arc lamp with a LJV-D33S
glass filter (which filters out ;. -, 330m) in the X-band ESR cavity. The X-hand
microwave is amplified with a 2()W continuous wave TWTA. The sample was trans-
ferred t) the NMR magnet within two seconds. The DNP intensity is recorded as

hq. woo.'*
F iguel.W Blok d

Figure I. glock diagralm or experimentall set-up for DNP me;asurement.
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the difference of N MR in tegralI with and wit hou I microwave irradiat ion. The microwave
power used:- the experiment was two watts.

The time-resolved DNP experiment was performed by the swituhing microwave
technique using a PIN diode switch and laser excitation with a Lumonics FX-4(X)
(XeCI. 1.~ = 308 nml excimer laser, Microwave-pulse duratiorn was I ms which covered
the lifetime of the free radical. The solution was deoxygenated by the nitrogen-
bubbling method. The solvent was a mixture of deuterated chloroform and carbon
tetrachloride (volune ratio I :1), and the concentration of hcnzaldehyde was Z- (-04 M.

.3. Results and discussion

3.1 CUDNP and DN P eflect wIth con'tinuous, evcialuif

In scheme I. the hydrogen-abstraction reaL,1ion of benizaldehyde is outlined. The high
field CIDNP spectrum wits observed by a number of scientists (('loss and Paulson
1970; Cocivera and Trozzolo 1970: Atkins et al 1973: Frith v'nd McLauchlan 1975)
and the time-res;olved CI DN P was observed by Tscntalovich et all 1989). The spectrum
was completely explained by Kaptein's theory IKaptein 1972) in terms of RPM with
S-T0, mixing. We observed the ClL)NlI spectrum (figure 2) at 325 mT with variable
magnet and flow system. The aldchyde rroton of bernzaldehyde exhibits emissive
nuclear polarization. At such a high field aý 325 mT, S-T and S-I, mixings can he
ignored. Therefore this emissive nuclear polarization of the aldehyde proton is,
anomalous from the viewpoint of RPM. 'i'is brings the effeci of cross relaxation
into our attention.

In order to determine the cross-relaxation mechanism, we neced to observe the
DN Peffect. Since DN Pappecars as a component of the ClDN P-detected I-SR spectrum,
we have measured the CIDNP-deteeted FiSR spectrum. The ohserved spectrum is
shown in figure 3. The observation that the CI DN P-dctected ESR spectrumi is totally

hv 17M-------~ / O

OH \= 0 1 4 ~l'OH

Schme . eacionscemcof holysg o bnnidehdein oorhyRocn ombnor tiot~n
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(a)

(b)

Hiture 2. NMR %plctrt oF hcI.,aldch~vdc Ia) ifore irradiation (hi (IDN P t25 l-I

(a)()

o.4% H H,,,4 .',I

* 9.a% H 83107

no0.0 J22.0 124.0 32 6.0 .13I 0.0 hyperfine couplilng

Magnetic field !ml constant lmIT

Fluure 3. (a) (IDNII-detected IPSR pectruni: tDoi are experimental dtia. and solid line
is siniilatcd )N P %pctrum u.ing hyperfinc coupling co•tants Shownin (b).

emissive indicates that the SNP component is negligible, and we can therefore assign
Ihe ohserved spectrum as totally DNP. The solid line is the simulation using the
hypcrfine coupling constants reported by Wilson 119681. From the agreement between
the observation and simulation. we conclude that the observed DNP spectrum is
ascribed to the intermediate ketyl radical (x-hydroxybenzyl radical). This DINP
spectrum is ,,sentially the same as that reported by Grishin et ti (1980).

The generatiun mechanism of DN P is shown in figure 4. The Am = 2 cross-relaxation
process generates emissive DNP. and the Am = 0 generates absorptive DNP. Since
the observed DNI' is emissive. the cross-relaxation mechanism of the proton of ketyl
radical which .orresponds to the aldehyde proton of the reaction product
(henzaldehyde) should he Am = 2. With the cross-relaxation process of Art = 2, we
will discuss the generation mechanism of anomalous CIDNP signal at 325 mT. The
ketyl radical is known to exhibit emissive CIDNP (Yamauchi and Hirota 1984), that
is 2-electron spin states are populated predominantly. This electron-spin polarization
can be transferred to nuclear polarization by cross relaxation. The same mechanism
has been observed in the hydrogen-abstraction reaction of benzoquinone and some
of its derivatives (Adrian et al 1976. Meng et al 1993), and has been referred to the
triplet mechanism of CIDNP. which is shown in figure 5. The ,-electron spin states
are initially more populated by the triplet mechanism. The Am = 2 cross relaxation
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"Tt-% 5-- ", ,,\

U'----•Q Q'

free radical product correspondilng DNP
srectfum

Figure 4. Schemiatic illustratiton of rclationship b•t wci %igln of i)NJ' andit ri',.

A.rn. 2 •

Electron polarized Nuclear polarized Product
Irt radical free radlcal Emissive CIONP

Figure 5. (icncration mcihanism 0f rM-1iduUcd ('IDNP hN Anin 2 croi-rcIlaxtilln Ini
ihc cLksC of emissive CII)FP.

(it,.iN to transfers the emissive electron polarization to the nuclear polarization.
The termination of the nuclear spin-polarized free radicals generates the emissivc
nuclear-polarized diamagnetic products. which is observed as anomalous ('IDNP at
325 mT.

3.2 Results of DNP mfasur',rntls with laser i..xcitation and timc-re.Nolr.!d I)NI'

mea.surepmnents

NMR spectra with laser excitation are shown in figure 6. The feature of CIDNP at
325 mT is dramatically changed in comparison with the spectrum of continuous light
excitation. As shown in figure 6b the CIDNP of the aldehyde proton is weakly
absorptive which is explained in terms of RPM. Additionally, the NMR signiil of
this proton is not affected by microwave irradiation (figure 60). In contrast, we
observe the microwave-induced emissive nuclear polarization at the aromatic protons.
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(a)

(b)

(c)

I ~

aldehyde hydrobenzoin
proton

Filure 6. NMR spectra with laser excitat•on at 325 tnT. tI) Before irradiation. (bI irradiated
by laser puls, (rcptition rate is IS ). () With laser and pulsed microwave irradiation
(microwave dclay time is - 3) ns).

This emissive nuclear polarization by microwave is DNP, not SNP. as is understood
from the CIDNP-dctected ESR spectrum, and the product which exhibits DNP is
assigned as hydrobenzoin. The CIDNP signal of these protons was reported by
Tsentalovich et al(1989) with time-resolved CIDNP technique at high magnetic field.
In their experiment they also used an excimer laser whose pulse energy is about
40mJ, We should consider that much higher initial concentrations of ketyl radical
caused by strong laser power affect the features of CIDNP and DNP. The decay of
ketyl radicals is determined by the competition between the recombination of two
ketyl radicals which generates hydrobenzoin (reaction (b) in scheme I) and hydrogen
transfer from the ketyl radical to benzaldehyde which generates nuclear-polarized
benzaldehyde (reaction (a) in scheme I). Using very simplified kinetic treatment we
calculated the yield of two kinds of products, nuclear-polarized hydrobenzoin and
benzaldehyde. We used reaction rate constants reported at time-resolved CIDNP
study by Tsentalovich et al (1989). The initial radical-concentration dependence of
the yields of two products is shown in figure 7. The calculation shows that the
hydrobenzoin should be dominant in case cf very high initial concentration of ketyl
radicals. Although it is difficult to estimate the initial concentration of the free radical
exactly, the result of the calculation supports our experimental results qualitatively.

In order to estimate the lifetime of ketyl radicals with laser excitation, we measured
the time-resolved DNP with switching microwave as shown in figure 8. The time

I.,[ i .... ......... ..... . . .... . .. .. .. ..... .. . . .. ... . ..._ .. .. . . . .. - --. -.. • • ÷
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6.0-

.hydrobenzoin [ketyl radical] -K Nbenzaldehvde]

, 4.0
, 2(ketyl radical] -- [hvdrobenzoin]

_ •3.0

U 2.0 K1=I.5 x 10"6MNOs"1 x(0.04M)J;Idchd

V bcnzaldehyde t . 0N' 4 x00M
S1.0- }K2=1.3 x 10.9M9 M1 s .

0
0 2.0 4.0 6.0 8.0

initial radical concentration / 10"•

Figure 7. Results of simple reaction kinetics equation. Nuclear-polarized product con-
centrations are modulated by initial radical concentration

(a) ,

or a 8t a mple

In

low• LO IV"(b) la w
main NMFI

dela1y time i - 1•I0n

Figure 8. Is) Experimental ,et-up of time-rcsolvtd INP. M time sequence o- excitation
laser pulse Lind microwave pulse.

resolution of the timetresolved DNP measurement is determined by the response
time of the microwave cavity. and is about lOOns in our measurement. The delay-
time dependence of DNP intensity (time-resolved DN P) with monitoring the aromatic
protons of hydrebenzoin is shown in figure 9, The decay of the time-resolved DNP
signal is about 250ns, and we conc!ude that the ketyl radical disappeared within 250
to 350ns after laser excitation by taking the response time of the microwave cavity
into account. Although the lifetime of ketyl radicals is less than 350ns, we could
observe the DN P signal of the free radicals. This fact suggests a very fast polarization
transfer of the aromatic protons of ketyl radicals from electron spin to nuclear spin.
The time resolution of the time-resolved DNP is not enough to discuss the relation
between reaction kinetics and dynamics of cross relaxation anymore. We are now
developing a cavity with faster response time.
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4

Z* ILI
.- I M 200 4;)U

delay time / ns

Figure 9. Delay.time dependence of DNP intensity monitoring aromatic protons of
hydrohenzoin. Definition of delay time is shown in figure 8b.

4. Conclusion

The triplet mechanism-induced CIDNP should be taken into account for the analysis
of the mechanism of CIDNP effect in addition to the radical pair mechanism. The
sign of triplet mechanism-induced CIDNP is determined by the initial net electron
polarization and the mechanism of cross relaxation (Am = 0 or Am = 2). The former
factor can be determined by time-resolved ESR, and the latter one can be directly
determined by the DNP sign. The time-resolved DNP method can give information
about the time dependence of intt;rmediate radicals and the cross-relaxation processes.
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Exciplex mechanism of fluorescence quenching in polar media

MICHAEL G KUZMIN*, NIKITA A SADOVSKII,
JULIA WEINSTEIN and OLEG KUTSENOK
Departmnnt of Chemistry, Moscow University, Moscow 117 234. Russia

Abstract. The formation of exciplexes tnon-emitting or poorly emitting) is suggested as one
of the causes for deviations of experimental data on fluorescence quenching in polar solvents
from the classical model of excited-state electron transfer yielding radical ion pairs. Several

evidences for the formation of ,.uch exciplexes were found for fluorescence quenching of
aromatic compounds by weak Plectron donors and acceptors. F )r cyano-substituted an-
thracenes exciplex emission can he observed in the presence of quenchers even in polar
solvents. In other systems, indirect evidences of exciplex formation were obse,'ved: nonlinear
dependence of the inverse value of excited pyrene lifetime on the concentration of the
quencher; very small and, ;n some cases, even negative experimental activation energies of
pyrene fluorescence quenching, which are much less than activation energies. calculated from
the experimcntal values of the quenching rate constants etc.

The proposed model explains the difference between theoretical and experimental de-
pendencies of log k v•s. Gibbs energy of e'actron transfer AG,, and other experimental
features kno'. ,n for fluorescence quenching by electron donors and acceptors. This model
states that the exciplex is in equilibrium with the encounter complex and apparent quenching
rate constants are controlled by two main factors - the lifetime of the exciplex and the
enthalpy of its formation, Experimcntally observed dependence of apparent quenching rate
constant on AG,: is caused by the dependence of the exciplex formation enthalpy on AG,. T
which is quite different fi om the dependence of ele'trjn transfer activation energy on AG .j
predicted -by the theoretical mod,,s. Simulations of the lependencies of log k. vs. AGf..
according to the ex~iplex formation model confirms its agreement with the experimental data.

Electronic structure of the exciplex involved may be close to contact radical-ion pair only
at AGLT < 0, when the rate of quenching is limited mainly by the diffusion. hut for AGLI > 0.
the structure of the exciplex should be much less polar.

Keywords. Fluoresccnce quenching; polar media: exciplex mechanisms; exciteo-state
electron transfer.

I. Introduction

Electron transfer photoreactions are very important in chemistry and biology. Excited-
state electron transfer is supposed to be a general mechanism of fluorescence quenching
in the absence of energy transfer and heavy atom effects. It is necessary to know the
real mechanism of this process prior to the eiscussion of various theoretical models
of electron transfer.

The classical kinetic scheme proposed by Rehm and Weller (1969, 1970) assumes

* For correspondence

637
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that the electron transfer step yields contact radical-ion pairs which dissociate very
fast in polar solvents (k,, is about 101s- 1):

M* + Q ;=tl(M* Q)T:1(MtQ7-)- tM±+Q,

hv kf kd (1)

M +Q
kQ = k1 2 /[l +(1 + k3 2/k 30 )k 21 /k2 3], (2)

=po/tp =To/T = 1 + kQzo[Q], (3)

where (p, p and TO, t are fluorescence quantum yields and lifetimes in the absence
and in the presence of a quencher Q, respectively (i/To = kf + k,).

A number of experimental investigations (Fox and Chanon 1988) showed the
existence of the typical dependence of the quenching rate constants kQ in polar solvents
on the Gibbs energy of electron transfer AGIT which has a diffusion limit for AG T << 0

and kinetic limit for AGIT •> 0. This experimental dependence is in good agreement
with the kinetic scheme (l), if one assumes that activation energy of an electron
transfer step depends on AG5 T according to the empirical Weller's equation (Rehm
and Weller 1969, 1970)%

AG 3 - AG1T/2 + [(AGIT/2) 2 + (AG* )2] 1/2, (4)

or theoretical Marcus' equation (Marcus 1956).

AG' 3 = AG- (I + AGET/aAG )2, (5)

But numerous experimental data obtained in recent years for various systems
(Hishimura et at 1977, Baggott and Pilling 1983, Kitamura et a! 1987, Avila et a! 1991,
Carrera et at 1991, Neumann and Pastre 1991 etc.) l,Rve shown that such correlation
is qualitative rather than quantitative. Wide scatter is observed for kQ at AGIT >- 0.
Even values of kQ greater than thermodynamically permitted for electron transfer
were observed.

To find out the origin of these deviations we investigated fluorescence quenching
kinetics and determined the activation energies of quenching from the temperature
dependence of the apparent quenching constants in several systems. Fluorescence
quenching of pyrene and 9-cyanoanthracene by some weak electron donors and
acceptors was studied in acetonitrile (AG21 T 0) and in other solvents (Kuzmin and
Soboleva 1986; Kuzmin er a! 1992). We found several evidences that fluorescence
quenching even in polar solvents can proceed by the formation of exciplexes rather
than by direct electron transfer mechan~sm:

M*+Q . '(MQ)r 't(M*'Q-4)*
k33

hv I/to ( (6)

M+Q4
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In the case of equilibrium between the excited molecules and the exciplex the value
of the apparent quenching rate constant is controlled by the lifetime of the exciplex
and equilibrium constant of its formation rather than by the rate constant of electron
transfer.

Exciplexes are well known to be formed in electron transfer photoreactions in
non-polar media (Gordon and Ware 1975). But in polar media no exciplex emission
was observed in most cases and electron-transfer reactions are usually assumed to
yield radical-ion pairs which dissociate very fast (-- 10- ' - l0 " s) and produce
free radical-ions.

Kinetics of exciplex formation in non-polar solvents were studied in various systems
(Kuzmin and Soboleva 1986):

klM* +QI:± I(M+JQ-A)*

1/ I/to. (7)

Fluorescence quenching follows the Stern-Volmer equation, but the observed
Stern--Volmer quenching constant has completely different sense:

po/P = I + Ks,,lQ] = I + k to[-Q]/(l + k _ ",). (8)

The ratio of exciplex ((p') and initial molecule ((p) fluorescence quantum yields linearly
depends on the quencher concentration:

(p'/(p = k' k I o [Q]/kf (I + k -, re) (9)

Initial molecule fluorescence decay kinetics (fit)) is biexponential and exciplex
fluorescence kinetics (f'(t)) is the difference of the same exponents:

.f(t) = .fo[oexp(- t/ri) + exp(- /tr2)], (10)

f'(t) = fjeXp(- It 2 ) - exp(- t/T,)]. (I 1)

Dependence of tie lifetimes of these exponents on the quencher concentration, in the
general case, is nonlinear and can be expressed by the following expressions:

1/T,., 1 /to + k, [Q] + !/rý + k-,

± [(I/to + k, [Q] - lIto - k-,)' + 4k, k-, [Q]]12, (12)

= (I/to + k, [Q] - I/T2 )/(l/Ti - l/TO - k, [Q]). (13)

In the case of reversible exciplex formation (k- I >> I/T0 ), at To >> T', the dependence
of T0 /t, on [Q] is sublinear (rt is very short at k,1 o[Q] >> I and may be imperceptible)

"t'o/r2 -_(1 + (To/ToJKEj[Q])/{l + Ke[QI), (14)

(KER k2,/k,, is the exciplex formation equilibrium constant), and has initial slope
diiTerent from the Stern-Volmer constant for po/lO and reaches the limit equal to ro/To.

With the increase of concentration of the quencher, the observed lifetime of M*
(which is in equilibrium with the exciplex) falls to the limit determined by the exciplex
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lifetime. For To << o,, the dependence of 1/t2 on [Q] can even have a negative initial
slope.

2. Evidence for exciplex formation in polar solvents

Fluorescence quenching of pyrene and 9-cyanoanthracene by some weak electron
donors and acceptors in acetonitrile and other polar solvents follows the Stern-
Volmer equation (figure I)

(po/(p = I + KsvtIQ]. (15)

A weak new emission band was observed for 9-cyanoanthracene in the presence of
1,6.dimethylnaphthalene (DMN) (figure 2) but no new emission bands were observed
in the presence of the quenchers in most of the other systems investigated. This means
that exciplexes have low emission rate constants or very short lifetimes. The apparent
quenching rate constant according to scheme (6) can be expressed as

ko = Ks,/T, = k,/(l + k_ ,t'). (16)

The ratio of the emission quantum yields of 9-cyanoanthracene and its exciplex
linearly depends on the concentration of DMN (figure 3) according to (9), Fluorescence
decay kinetics of 9-cyanoanthracene in the presence of DMN is biexponential and
fluorescence kinetics of its exciplex is the difference between the same exponents,
[0 0)-! 0 ) 1l.

Pyrene fluorescence decays monoexponentially (at least two orders of magnitude)
in the absence and the presence of the quenchers but the lifetimes do not follow the

T/T

.2

10

5

5 t 
3

0.5 1.0

toQ] /M4
Fiul I. Plots of pyrene relative fluorescence quantum yields vo/o (1, 3) and lifetimes TO/T
(2.4) vs. concentration of dibutylphthalate in acetonitrile (I, 2) and in butyronitrile (3.4).
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(b)

8 (c

Figure 2. Uncorrected fluorescence spectra of 9-cyanoanthracene in the presence (ifvarious
concentration% of 1.6-dimethyinaphthalene in acebonitrile (a) (1-6: 0.2.4.9,20.40mM),
normalized fluorescence spectra Mb and exciplex emission spectra (extracted from overall
sfieu'ras) 1c0.
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'4

3

2 0
0

O.O0 0.02 0,03 0.04

Wl/M
Figure 3. Plots of relative nfuorcscelte quantum yields of 9-cyanioanthracncw ,p, p. I )and
of the cxciplx u( (p. 2) vs. cow•ntration of 1,6.dimethyinaphthalene in acciohurrile.

Stern-- Volmer equation - 1/i sublinearly depends on the quencher concentration
(figure 1), which is typical for exciplex formation, (14). Plots of [Q]/(/r -- 1) and
(or/PO vs. [Q] give K1.5 and o/t'T:

[Q]/(To/T - I) = (I/KE. + [Q])i(To!K( - I), (17)

(pori/(Tf = I + K",[Q]. (I1)

The values of K., and T, obtained are given in table I.
To confirm the nature of the nonlinear dependence of I/T on [Q] we studicd this

dependence in the presence of additional quenchers (02 and dimethylfumarate which
quench both excited pyrene molecules and the exciplexes and change T, and tO) and
obtained the same values of KEI. The observed difference in r, and rt show that
both excited pyrene molecules and exciplex are quenched by oxygen and by dimethyl.
fumarate with diffusion rate constants. It is important that exciplex lifetimes are
relatively long - from 10 to 30 ns. This means that the reason for the absence of exciplex
emission for these systems is the very low value of the emission rate constant
(k•- < 10"s- ).

Another proof of exciplex formation is the very low (and in some cases even
negative) value of experimental activation energy of quenching, determined from the
temperature dependence of the apparent quenching rate constant in the range
(- 40) to (+ 60)'C. Apparent activation energy determined this way according to (16)
is a sum of the exciplex formation enthalpy (negative) and its decay activation energy
(small and positive).
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Table I. Experimental data for pyrene and 9-eyanoanthraccnc. Stern.Volmer fluorescencc
quenching constants Ks., apparent quenching rate constants ko (at 298 K). cxp•rimcrital
activation energies E,*p and exciplex formation equilibrium constants K, and lifetimes t;,.

KsV k/10' EP K, H '

Quencher Solvent (M-1) (MI's-1) (kJ/moli (M- ) (nsW

Pyrene
DBP MeCN 57 18 -4.6 4±2 17 5

MeCN + O1 6±2 X. 3
MeCN +-Q' 3:2 2 1
PrCN 2-6 0.9 5,9 0,6 ± 04 35 m 201
AcOEt 2.0 09 5,7
CH5CI2 7.2 2.9 3"t
Toluene 2.3 0.8 7.1

DEP MeCN 57 18 -f67
DMB MeCN 14 4-7 7.0
Et2NH MeCN 99 33 10.5
BuNH 2  MeCN 1.2 0,4 510

9-Cyanoanthracene
DMN MeCN 80 490 45 260

Ahbreviations: DBP - dibutylphthalate; DEP- diethylphthalatc; DM1 I 1,4-dimethoxybcnZeCnc; l-:t.
NH - diethylamine; BuNH, - fert-butylamine; Q' - dimethylfumarate; DMN = 1,6.dimcthyinaphthalcnc:
MeCN = acetonitrile; PrCN - butyronitrile; AcOEt = ethylacetate.

Formal activation energies E*, calculated from the ratio of the diffusion rate
constant in the solvent and apparent quenching rate constant at a given temperature
(supposing that it is the activation enthalpy which is responsbile for their difference)
are about 14-26 and 20-25 kJ/mol greater than the respective expcrimental ones.

3. The nature of the exciplex

The electronic structure of exciplexes is usually represented by a combination of the
wavefunctions of locally excited and charge transfer states (if the excited state of the
quencher can be neglected owing to much higher excitation energy):

I (AD)* = aP(A*)+P(D) + hbI(A - D4 ). (19)

Coefficients a and b depend on the difference of the energies of the locally excited
and charge transfer states (which can be approximated by the enthalpy of an electron
transfer AHET) and on the exchange interaction parameter P?. Enthalpy of the exciplex
AHE, (neglecting the polarization of the solvent) and magnitude of electron transfer
in the exciplex I(M-'Q*1)0 depend on the same parameters:

AH8 , • AHET/2 - [(HE./2)2 + #2]1/2, (20)

6 • 1/i I - (AH 51./fl).[(! + (AHET/ 2f#)2)112 - AHET/ 21P] }. (21)

The enthalpy of exciplex formation will be negative not only for negative AHET but
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FIgure 4. Corrected emission spectra of the exciplexes of 9-cyanoanthracene with 1,6.
dimethylnaphthalene in acetonitrile (1), butyronitrile (2), dichloromethane (3). and
toluene (4).

also for AHET close to zero and even positive AHET, For strongly negative AHET,
A - I and ordinary polar exciplexes are formed whose structure is close to radical-ion
pair. But for positive AHET. 6 << I and low polar exciplexes are formed (their electronic
structure is similar to ordinary ground-state charge transfer complexes). According
to (20) the smaller AHF. the greater the exciplex formation equilibrium constant
K . = exp(- AGEIIRT). Emission maxima of the exciplex of 9-cyanoanthracene with
1.6-dimethylnaphthalene only slightly depends on the polarity of the solvent (figure 4)
which confirms the low polarity of such exciplexes.

The emission bands of these low polar exciplexes can be very weak for several
reasons: the low value of the equilibrium constant KU and the low probabilty of
radiative transition to the ground state, The emission band can also be masked by
the main fluorescence band of pyrene.

Decay of the exciplex can also proceed by several ways: by internal conversion to
the ground state (encounter complex M.Q), by intersystem crossing to the triplet
state (triplet exciplex) and by dissociation on free radical-ions (solvated). All these
processes should have sufficiently slow rates (< lOs- s) to provide the relatively long
lifetime of the exciplex ( > 10 - s). For the latter process, this means that its activation
energy is greater than 25 kJ/mol. Internal conversion and intersystem crossing can
have low probability because of small values of Franck-Condon factor and spin-
inversion factor respectively rather than because of high activation energy (which can
be close to zero). All these four rate constants (including emission rate constant)
should depend on the chemical nature of both fluorophore and quencher.
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4. Simulation of the dependence of kQ on AN.T

We simulated the dependence ofkQ on AHIT for both the kinetic models of fluorescence
quenching, (1) and (6), using the following approximations.

Rate constants are expressed by the Arrhenius' equations
k1 = kg.exp(- E*/RT).

Encounter complex formation in acetonitrile

kO2= 011 M-iS-; E*2 =5ki/mol.

Equilibrium constant of encounter complex formation

k1 2ik, = 0.5M- 1 , AH1 2 =0.

For (I):
Electron transfer in the encounter complex

ko23 - 10'' s-'. AG -1 = (AG T/2) + [(AG, /2)2 + (AGi, )1 1 1-

AG* = 10k J/mol.

Radical-ion pair decay

k.3O= 10t's-' E• =0
For (6):
Exciplex formation

k 31/k32 = exp(- AH2 ,/RT); k. 101 M ..Is--
AH, = (AHET/2)- EAH01 /2)2 + J12)]1 2; AHET -AGET

E. 3 =(AHIE,/ 2 )+ [(AH,,/2)2 +(AH )2 ]"2 , AH = l0 kJ/mol;
fl-variable parameter (initial value I1 = E+ - E+= - 5 kimol).

Exciplex decay

I/T' = k'oexp(- E* /RT)

k40 = A and E " = E are variable parameters.

For (6) apparent quenching rate constants kQ were calculated from

ko = lO''exp(- 5/RT)/{l + 2 x 10'exp(- 5/RT)/(O0''exp(- E*./RT))

+ 2 x 10'lexp( - 5/RT).ep(AGE,/RT)/(AGexp(- E/RT))}. (22)

Simulated dependence of Inko on AGE? according to the classical scheme (1)
(curve 1) and the exciplex scheme (6) for various values of # and ro (curves 2-9) are
given in figure 5. For AGET - 0, quenching rate constants according to (6) are smaller
than those for (1). For AGT >>0, the quenching rate constants do not depend on
AGET and are greater than those expected according to the classical scheme (1). In
this region of AGHT values the quenching of excited molecules results from their
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Figure S. Plots of apparent fluorescence quenching rote constants (1In k.) on Gibbs energy
of electron transfer AG, , according to kinetic schemes (1) and (6): 1 - .simulation aLccording
to scheme (1): 2 -9 - simulation according to scheme 16). 2 5 /1 = 10k0l/mol, T"' = 0-01. 1,
10. loons; 6-9 t, = 30ns. 5! - 20, 15. 10.5kJ/mfl.

conversion to the exciplex. A limiting value of the apparent quenching rate constant
and the slope of the plot of log ko vs. AG., are functions of ro and 11.

At fixed To values, the rise of fi will result in the contraction of the range of the
dependence of k. on AGET and increase in the limiting value of ko (curves 2 -4). At
sufficiently large values of ft. the quenching rate constant does not depend on AG,,T
in the whole range AGET > 5 U /reel because of the irreversibility of the exciplex
formation. This exciplex decays by internal conversion and/or by intersystem crossing.

At fixed values of #. the decrease of the exciplex lifetime r6 results in the increase
of the quenching rate constant (curves 5-7). The greater the value of ft, the greater
the stability of the exciplex and the smaller the effect Of To on the apparent quenching
rate constant. At sufficiently large values of P, the lifetime of the exciplex does not
affect the quenching because of the irreversibility of the exciplex formation.

Activation energy of quenching can vary in wide range from negative to positive
values in accordance with the parameters #, AG,•T and ro.

The excipiex scheme (6) represents quite well the experimental data for temperature-
dependence of the apparent rate constant of pyrene fluorescence quenching by dibutyl-
phthalate in acetonitrile at the following values of the parameters: #l - - 1 3'5 k /rel,
A =I- I. x 10's - , E = 10kU/mol, AGET =' - 2kJ/mol (figure 5). In butyronitrile thebest fit of the experimental data was obtained at P ,- - 10k J/ l, A -0.9 x 10'9" -,

E - I I J/reel, AGET = + 9 k /reel (figure 5). At 200C k , is equal to 5 x 10*1 M - I s -I
in acetonitrile and 3 x 10'M- Is - I in butyronitrile which are close to the values
determined directly from fluorescence kinetics (table 1). In less polar butyronitrile

S.i
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the value of / is slightly smaller than in acetonitrile. The values of activation energy
and pre-exponential factor of exciplex decay are close in both solvents.

5. Quenching dynamics

Let us consider the nature of th. potential barriers, along with the reaction coordinate
in the course of ,ltiorescence quenching, taking into account exchange interactions
between reactants (coupling of locally excited and charge transfer states) in the frame
of very simple approximations (figure 6).

For positive AG., (figure 6, top) as the reactants D* and A approach each other.
the energy decreases according with increase of the overlap of the wavefunctions of
the reactants (increase of the exchange interaction energy /f) and decrease of the
energy (E2) of the charge transfer state (D*A-).

E • [(El + E2)/2] - [(Et - E'2)/4 + /121' 2. (23)

U

'•' ""A* +D

A". +

DA D

r(A-D)
Figurel6. Potential energy curves for exciplex formation and electron transfer at AG,, > U
(top) and at AGO < 0 (middle) for uncharged reactants, and for an uncharged and a charged
reactant (bottom).
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where El is the energy of the locally excited state (D* A). An exciplex with a modest
degree of electron transfer is formed. The degree of electron transfer increase- gradually
as reactants approach each other and solvent reorganization also gradually follows
the polarization of the encounter complex.

Three potential barriers along with the reaction coordinate for the exciplex
formation and subsequent complete electron transfer can arise. The first one is the
diffusion barrier which has the usual activation energy in the range 5 - l0 kJ/mol.
The second is the activation energy of exciplex formation which can be formally
approximated by:

E2 = ,(AHa/2)+ [(AHt./2)' +(AH*),1" 2 ; (24)

assuming AH* = lOki/mol, similar to Weller's model (this value was found to be
unessential for the results of the simulations since equilibrium between the exciplex
and the reactants is established at AG., > 0).

Complete electron transfer in this exciplex needs activation energy of about
[AHIT + 4 2 ] I:2 and yields a contact radical-ion pair (which can dissociate on free
(solvated) radical-ions). Therefore, dominant ways of decay of the exciplex formed
are internal conversion, intersystem crossing and emission (which do not need
substantial activation energy), rather than complete electron transfer and formation
of radical-ions. The rates of the first two radiationless decay processes may be very
responsive to the chemical nature of the reactants. Therefore the lifetime of the exciplex
can vary in the wide range - 10- " - 10-'s and may depend on the chemical nature
of both excited molecule and quencher.

For negative AGLT (middle part of figure 6), the approach of the reactants towards
each other can also be followed by the gradual increase of the cnarge separation but
(in contrast to AGET > 0) it finally produces a radical-ion state. This is the most
well-known kind of exciplex. Along with reaction coordinates, the exchange
interaction and the magnitude of charge transfer increase gradually. The solvent
reorganization also occurs gradually and reorganization energy is much smaller than
is expected from the Marcus theory.

Completely different nature of the activation barrier can be expected for electron
transfer charged and uncharged molecules (figure 6, bottom). In this case, electrostatic
interaction does not exist in either the initial or the final states and the potential
curves of both the states in the first approximation are parallel to each other, for
exergonic (AGET < 0) electron transfer the inclusion of exchange interactions will
produce the repulsion of the potential curves (the rise of the energy of the initial state
D* + A which can be expressed by the analog of(21) but with the positive sign ahead
of the square root), This rise of energy will depend on the distance of electron transfer
and will build up an additional potential barrier for electron transfer. Therefore, some
additional contribution to the activation energy of electron transfer due to an exchange
interaction between reactants must be taken into account in the models of electron
transfer processes at negative AGET.

Conclusions

The model assuming the formation of sufficiently long-lived (up to 10-50 ns) exciplexes
even in polar solvents is able to explain and quantitatively describe the experimentally
observed abnormal temperature effect and lifetime dependence of fluorescence quenching
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in polar solvents and also the deviations of the experimental dependence of the
quenching rate constants on A.Gr.T from that predicted by the electron transfer theory
of the quenching (especially in the kinetic region). The stabilization energy of the
exciplex at positive AG 5T can arise from exchange interactions between reactants
(similar to ground state CT complexes); such exciplexes may have a low contribution
of charge transfer state. The radiationless decay of the exciplex does not need any
activation energy. This mechanism does not suppose the necessity of complete electron
transfer between reactants in the excited state, Therefore, fluorescence quenching
cannot be used with confidence for the verification of the theories of electron.transfer
processes and for the determination of the redox-potentials of quenchers.

The exciplex model of quenching supposes that there are two main parameters
exciplex formation equilibrium constant K., and its lifetime r, - which determine
the apparent value of the fluorescence quenching rate constant. The abnormal
temperature effect arises from the negative enthalpy of the exciplex formation (in
contrast to the positive activation energy of electron transfer).

The correlation between quenching rate constants and the free energy of electron
transfer AGE, has different origins in the classical Weller's model, (I), and in the
exciplex model, (2). In the classical model, two parameters which control the value
of the quenching rate constant are the activation energy of isoergonic reaction AG*
and the lifetime of the radical-ion pair (I/k3o). The last one was supposed to be 001 ns
and AG* was found to be 10kJ/mol (Rehm and Weller 1970). The last one, A(;•. was
assumed to be variable to explain the variations in the log k. vs. AGI,. relationships.

In the exciplex model (6), the dependence of apparent quenching rate constants
on AG.T arises from the dependence of the exciplex formation enthalpy on AGr.
(20). The lifetime of the exciplex may exceed by many orders of magnitude the lifetime
of radical-ion pairs in polar solvents and can vary in a very wide range, depending
on the chemical structure of both the excited molecule and quencher. Positive and
negative deviations from classical Weller's curve log kQ vs. AGST may arise from the
variations of the dependence of KEx on AGET and from the variations of r;). In
consistence with numerous experimental data the slope of log ko vs. AGLr plot in the
kinetic region in the frame of the exciplex model (6) as a rule is much smaller than
for thermodynamic limit (which is 5.9 kW per one logarithmic unit).
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Abstract. Both 2.5-bi~s- 21l -naphthyl)vinylpyruzine (8NVP) and 2.5-bis.N2(2-naphthyl) vinyl.
pyrazinc (82NVP) diolefinic dyes have relatively short excited-state lifetimes, high
fluvrescence emr.iencies and low photochemical quantum yields. BNV P solutions in dimethyl
formamide and methylene chloride give amplified spontaneous emission (ASE) with a
maximum at 500 nm. rhe low solubility or 82NVP in organic solvents does not allow the
measurement of ASE for this dye. The excited state a, iorption spectra (ESAI of BNVI'
show an absorptiott band around 523nm which reduces dye laser efrncicncy.

Energy transfer from 7.diethylamino-4-methylcoumarin tos BNVP and B2NVP has bern
studied by applying Stern-Volmer plots. The underlying mechanism is a radiative long
range energy transfer.

Both BNVP and BZN VI undergo solubilizattion in anionic as well as cationic micelles.

Keywor&s Diolcrinic dyes; cxcitcd-state lifetimes; fluorescence quantum yields. amplified
spontaneous emission.

1. Introduction

Diolefinic compounds containing pyrazinyl moicties have been reported us important
candidates in many research areas. 2,5-Distyrylpyrazine (DSP) was the first reported
derivative to undergo solid state four-centre photopolymerization giving rise to a
highly crystalline polymer (Hasegawa 1982, 1983; Hasegawa et al 1988). Members of
this family of compounds have been recently reported as organic electroluminescent
crystals giving high brightness at a low DC voltage of about 10 volts (Nohara et a/
1990).

One of the most important applications of these compounds is their use as laser
dyes (Libeid et al 1985, 1986, Hasegawa e't al 1989). Dye laser emission from DSP
(Eheid er al 19X5) and 1,4-bis(fl-pyrazinyl-2-vinyl) benzene (BPVB) (Ebeid et al 1986)
was observed upon pumping concentrated solutions of these dyes using a nitrogen
laser source.

* For correspondence
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In the present communication we report the emission characteristics, lifetime values
and amplified spontaneous emission of BNVP and B2NVP (chart 1).

O\N 0 0
o 0\

Casrt 1. BNVP B2 NVP

2. Experimental

BNVP and B2NVP samples were kindly p. ovided by Professor Masaki Hasegawa
of Tokyo University. The last crystallization of BNVP (m.p. 213-214.5'C) was from
toluene and that of B2NVP (m.p. 319-320°C) was from xylene. Fluorescence
spectra and fluorescence quantum yields (0!) were measured using a Shimadzu RF
510 spectrofluorophotometer using diphenylanthracene and quinine sulphate as
reference standards (Morris et al 1976). Photochemical quantum yields (0,) were
measured using a method that has been described earlier (Ebeid et al 1986). UV.visible
absorption and reflectance spectra were measured using a Shimadzu UV-2100S
sploctrophotometer. Fluorescence lifetimes were measured usiasg single-photon
counting and phase and modulatiot, fluorimetry. In the single-photon counting
technique, fluorescence decays were recorded using an ORTEC single-photon counting
appsratus equipped with a hydrogen flash lamp opereting at about 15 kHz. Excitation
wavelengths were selected using a Bausch and Lomb UV-Visible monochromator
(type 33-80-07, 1200 grooves/mm). The emission wavelength was selected using
appropriate interference filters (Schott, Mainz, Germany). The data were registered
in a 400-channel analyser with a linearity of 0.174 ns/channel. The decay profiles were
analysed by iterative convolution using autocorrelation and residuals criteria
(Grinvald and Steinberg 1974; Demas 1983). Phase and modulation lifetimes were
measured using an SLM-48000 fluorimeter. For high dye concentrations, a triangular
cuvette was used to minimize reabsorption in both lifetime and fluorescence
measurements. For dilute solutions a 4mm optical length cuvette was used.

Amplified spontaneous emission (ASE) as well as excited state absorption (ESA)
were kindly carried out by Professor Ewald Daltrozzo of the University of Konstanz
(Germany).

Differential thermal analysis (DTk) was carried out using a Shimadzu XD-3u
thermal analyser. Molecular weights of irradiated and unirradiated BNVP and
B2NVP samples were monitorcd using a Knauer Vapour Pressure Osmometer.

. Results and discussion

BNVP and B2NVP are of the same molecular weight, yet the reported melting point
of B2NVP is nearly 100°C higher than that of BNVP. This has been confirmed by
tising DTA. DTA thermograms also indicate the absence of thermal processes other
than melting up to z 350'C. The wide difference in melting points reflects different
molecular packing and interactions in crystalline samples, Excitation ageing of
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crystalline BNVP and B2NVP samples results in a decrease in emission and excitation
intensities indicating photochemical reactivity. This is a particularly significant
phenomenon since both BNVP and B2NVP thin films have been applied (Nohara
et al 1990) in electroluminescent devices and photochemical reactivity is an undesired
phenomenon in that respect.

Reflectance spectra of iNVP and B2NVP crystals also indicate a solid state
photochemical reaction in these samples. The reflectance maxima at , 420 nm in
BNVP and that at ;,400nm in B2NVP decrease in intensity with concomitant
appearance of reflectance maxima at 280 and 220nm for BNVP and B2NVP samples,
respectively. Further studies are needed to identify the photochemical product(s) that
are believed to be oligomers obtained by ar-m addition of the olefinic double bonds
as reported earlier for similar diolefinic derivatives (Hasegawa 1982, 1983).

The electronic absorption, emission and excitation spectra of BNVP and B2NVP
solutions in DMSO solvent are shown in figure 1. The electronic absorption spectrum
of BNVP in DMSO consists mainly of symmetrical absorption bands around

0.5 (a)

0.4

S0.3 S"U W,

0.2.

0.1 - •

(b)

:70.3

S0.2

0.31I

300 400 500 600

Wavelength (no)

Figure i. The emission, excitation and absorption spectra of (a) BNVP. and (b) B2NVP

solutions in DMSO (10"3moldm--). (-) emission (A, -410mm) and excitation
(followini; the respective emission maxima and (...) Absorption spectra.
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S-405 nm with molar absorptivity .. --45,500dm 3 mol- cm- ; the emission
spectrum is unsymmetrical with a maximum at 480 nrm (.-410nm).

For B2NVP both absorption and emission spectra in DMSO are unsymmetrical
with an absorption maximum at 410nm and an emission maximum at 460nm. The
emission from BNVP occurs at lower energy as compared to that from B2NVP, a
phenomenon that is related to excited state solvation. The longer lifetime of BNVP
as compared to that of B2NVP (vide infra) allows greater solvation of the BNVP
excited state as compared with that of B2NVP.

The position of emission maxima for both BNVP and B2NVP is dependent upon
the solvent polarity Af, where Af is given by the relation (Rao et al 1976, Brecht 1986),

Af= (V- I) - (n2 - 1)

(2r++1) (4n 2 +2)

where v and n are the dielectric constant and the refractive index of the solvent
respectively. A linear correlation exists between Ami (emission) and Af for both BNVP
and B2NVP with r.. increasing aA Af increases. The effect of medium polarity on
the absorption maxima of both dyes is insignificant. These phenomena are diagnostic
for excited states that are more polar than the ground state (Griffith 1976). The
electronic absorption, emission and excitation spectra of BNVP and B2NVP dilute
solutions (2t 10- 1emol dm- 3 ) undergo change upon UV-irradiation ( =. 365 nm).
The underlying photoreaction in such dilute solutions of diolefinic derivatives is
thought to be a cis-trans photoisomerization.

The photochemical quantum yields (0,) are low and the 0, and fluorescence
quantum yields 46f arc summarized in table 1.

The effects of the medium on the spectra of BNVP and B2NVP have been further
studied in relation to the acidity of the medium and the micellization phenomenon.
The electron~c absorption spectra of both dyes in ethanol do not change significantly
on lowering the pH of the medium down to a value of I. In 08 moldm' ethanolic

Table I. 41, and t', values of BNVP and H2NVP in different media at room
tempera ure

qS,- A,,. = O

Dye Medium 365 nm 337nm ,,. 365 nm

HNVP FIOH 0.52 0.47 103 x10-

BuOH 0-67 0.56
DMSO 0'72 0'64

('yclohexanc 0"72 0"66
SDS lHx 10 'moldm 31 0.60 0,52
cTAC (i0- Moldm '1 0-50 0.38

B2NVP EtOH 0.64 0.45 2.6 x 10t
MeOH 0.65 0.42
HuOH 0.75 0.46
DMSO 0-74 0.57
Acetone 0.64 0-58
CHCI, 0-63 0.56
Ethylene glycol 0-49 0,26
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solutions of HCI, a yellow protonated product is obtained and fluorescence efficiencies
of both dyes decrease substantially. The effect of acidity of the medium on the emission
properties is particularly important in relation of pH-tuning in dye lasers (Weller
1961; Dienes 1975).

Both BNVP and B2NVP undergo solubilization in anionic (e.g. sodium dodecyl
sulphate. SDS) and cationic (e.g. cetyltrimethylammonium chloride, CTAC) micelles.
The solubilization process is associated with an increase in the fluorescence intensities.
Plots of the surfactant concentrations versus fluorescence intensities of both dyes
show abrupt increase in fluorescence intensities at surfactant concentrations
corresponding to the critical micelle concentrations (cmc) of SDS and CTAC which
is the case for many organic dyes (Muthuramu and Ramamurthy 1984).

The lifetimes of BNVP and B2NVP in DMSO are summarized in table 2.

Tabk 2, Lifetime values of BNVP and B2NVP in DMSO at room temperature.

T (ns)

Concentration A,". ... , Single Phase + Phase Modulation
Sample (mol dm 3) innm) (1m) photon modulation only only

BNVP 10-- 405 485 1-82 1.77 1.76 1.78
10 365 485 2-11

B2NVP 10 410 481 1 I-3 132 131 1 14
IO ' 365 481 133

The lifetimes are short both for dilute and concentrated solutions. We found no
evidence for molecular aggregation in concentrated solutions (1O t mol dni- "') of
both dyes, giving emission spectra that are slightly red-shifted compared with those
of dilute dye solutions due to reuhsorption. The lifetimes also reveal one decay
component in both dilute and concentrated solutions. The absence of molecular
aggregation is of great significance since molecular aggregation is usually associated
with fluorescence quenching via excimer formation (Jones 1990; Gilbert and Baggott
1991) and is conducive to bimolecular photochemical reactions (Suzuki et al 1974).
The lifetimes in DMF and CH 2 Cl 2 are close to those in DMSO. For BNVP the
lifetimes are 1.66 and 1,53 ns in DMF and CH 2CI2 , respectively.

Solutions of BNVP in dimethyl formamide tDMF) and in methylene chloride
(CH2 CI2 ) of concentration 2.98 x 10'moldm*-- give amplified spontancous
emission (ASE) with a maximum at 500 nm. The solubility of B2NVP in both solvents
was too low to allow any ASE measurements and laser emission was not observed
from B2NVP solutions solely because of lack of solubility. The excited singlet-state
absorption (ESA) cross-section nr* of BNVP is shown in figure 2. The ground state
absorption cross-section (aA), the emission cross-section (e;:) as well as the effective
emission cross section a* are also shown in figure 2.

The emission cross-section eu was calculated from the relation (Nair 1982)

ak:(. 4 E(O)(8izrfcn2),

where E(A) is the normalized fluorescence lineshape function at a certain wavelength
(A) such that

"E(. = odf,
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Figurel2 The cross-sections (in units ofcm') of some processes in BNVP in (a) DMF, and
Mb CH2C12-.fr. and al, are the ground state absorption and emission cross-*-.ciions, O*A is
the excited state absorption cross-section and ff,. is the effective emission cross-section where

n is the refractive index of the dye Solution. T is the fluorescence lifetime and c is the
velocity of light. El(t) was obtained from the fluorescence spectra of dilute dye solutions
to minimize reabsorption.

The ground-state absorption cross-section OA, was calculated in terms of values of
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molar absorptivities (.(A) (Nair 1982) where

ea4(A) = 3"82 x 10-2t ().

Both emission and absorption cross-sections are given in units of cm2.
The effective emission cross section 01 is given as the difference (aE - a,*). In DMF

and CH 2Cl2, the results are similar, showing an absorption band around 525 nm in
the first excited singlet state. This absorption reduces the dye laser efficiency and
seems to be common for the derivatives with a central pyrazine ring system e.g.
2,5-distyryl pyrazine (DSP) and 1,4-bis(P-pyrazinyl-2-vinyl) benzene (BPVB) (EI-Daly
et al 1993). Members of the same diolefinic laser dye series containing pyridyl moieties
namely 1,4-bis(#-pyridyl-2-vinyl) benzene (P2VB) and its isoelectronic dye 1,4-bis(4.
pyridyl-2.vinyl)benzene (P4VB) are more efficient laser dyes as compared to BNVP,
BPVB and DSP. It was shown (EI-Daly et a) 1993) that a,* values in case of diolefinic
dyes containing a pyrazinyl moiety are higher than those in dyes containing a pyridyl
moiety. This view, however, has to be substantiated by examining more compounds.

The harvesting of BNVP and B2NVP to pump nitrogen laser photons can be
improved by using mixtures of these dyes with other suitable laser dyes, e.g. 7-diethyl
amino-4-methyicoumarin in the form of the energy transfer dye laser (ETDL) system.

0

2.0

I ft

3 .0

]Q I to aol .. I "

FIgure 3. Stern-Volmer plots of the quenching of 7-diethylamino-4-methylcoumarin
fluorescence using (0) BNVP and (0' B2NVP as quenchers in DMSO at room temperature
A. - 337 nn and A,, - 450 nm.
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Both BNVP and B2NVP act as good photon acceptors from 7-diethylamlino-4-
methyl-coumarin that has maximumt absorption at 373 nm in ethanol and maximum
emission at 450 nm. Figure 3 shows the Stern-Volmer plots of quenching of
7-diethylamino-4-methylcoumarin fluorescence using BNV P and B2NVP as quenchers.
The room temperature second-order quenching rate constants k,, in DMSO have
been calculat'!d from the slopes and the liftetime of 7-diethylamino-4-methyl coumnarin
of 3 6 ns (Masilamani and Sivaram 1982). The quenching rate constants (ks) for BNVP
and B2NVP in DMSQ at room temperature are I x 10"~ and 4-36 x 10"- dm'mol' s'
respectively. These values arc about three orders of magnitude higher than the diffusion
rate constant (k,,,,) in DMSO at room temperature (= 0-37 x 10"0 dm'3 mol -Is - 1).
The high quenching rate constant, together with the overlap between the donor
emission and the acceptor absorption. indicates a diffusionless long range radiative
energy transfer mechanism.
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Room-temperature phosphorescence of 2,2'-biquinoline in
polymeric matrices
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Abutirea. An original and very strong long-lived emission of 2,2'-biquinoline is observed
in hydrogen-bonded polymeric matrices only. This long-lived emission (ti,- I s) is ascribed
to room-temperst ure phosphorescence (RTP) because or the large value or the decity time.
th~e temperature-dependence, aind the polarization results.

The existence of hydrogen-bonded complexes in the ground state is assumed to be thc
origin of the RTP. They involve changes in the conformation of the 2,2'-biquino'*e.

Koyworda. H-bonded polymeric Matrices: room-temperature phosphoresce'.1Lc. 2.2'-
biquinoline.

1. Introduction

The photophysics and photochemistry of ligand molecules of various complexes of
metals and ligands have been investigated because of their particular relevancc in a
large range of applications (Ohno and Kato 1974; Clarke et at 1980, Vinodgopal and
Leenstra 1985: Yagi et at 1985; 1991). The double molecule 2.2'-biquinoline (2,2'-BQ)
is a typical chelating agent for n,-tal ion. with possible ci s and trans conformations.
Properties of the triplei state of 2,4'-BQ nave been studied by various techniques.
by steady state ESR (Higuchi et at 1980) and by Raman and ODMR techniques
(Clarke et a! 1982). Some studies on 2,2'-biquinoline complexes have stressed the
close connection between the metal complex formation and the conformational
changes in the ligand molecule (Klassen 1976: Frederiks er a! 1979: Higuchi et a!
1980, 1986).

Our interest in this molecule arises from earlier observations on other double
molecules such as 1, 1' and 2,2'-binaphthyl. In a previous study on the luminescence
of 2.2'-binaphthyl solutions, we showed an anomalous dependence of the ratio I h
'fHu.' versus excitation, at nitrogen liquid temperature (Fadouach et at! 1992). ChIS
anomalous behaviour is due to the charge transfer (CT) character of highest singlet
states (SO). we assumed the existence of various conformers more or less twisted as
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the origin of this behaviour. These conformers seemed, to be depending on the viscosity
of the environment and its ability to form hydrogen bonds. The present study on
the 2,2'-BQ is now performed, largely to increase the phosphorescence (and make
the phenomenon more sensitive) because the presence of the lone pair orbital of
intracyclic nitrogen has to increase the intersystem crossing (and, thus the phos-
phorescence), due to the presence of the n,n* states. In the present study, when
including the 2,2'-BQ in various polymeric matrices, we show evidence for an original
and strong room temperature phosphorescence (RTP). This RTP only appears in the
case of hydrogen-bonded polymeric matrices.

In recent years the phenomenon of RTP has attracted large interest, and so also
its application in spectroscopic analysis (Vo-Dinh 1984). In 1974, Winefordner and
coworkers (Wellon et at 1974; Vo Dinh and Hooyhman 1979) established the general
use of RTP as an analytical technique. Although many basic aspects of RTP remain
to be explained, this phenomenon received immediate attention and rapidly found
its place as a new spectrochemical technique for trace organic analysis.

2. Experimental techniques

2,2'-Biquinoline was purchased from Fluka Chemica AG, and checked for luminescent
impurities by thin layer chromatography (TLC). As no impurities were observed, the
compound was used without further purification. All solvents (Aldrich) used were of
spectroscopic grade. Polyethylene (PE) films, of thickness about 50 and 100u, are
commercially available. Polyvinylchloride (PVC) films were either XVPH type of
thickness about 17 and 19p (kindly donated by Grace Society) or O'Kay type
commercially available of about the same thickness. Polyvinylalcohol (PVA) films
were made in the laboratory with rhodoviol pellets (Rh6ne-Poulenc 30S). Melamine
formol (MF) was graciously provided by Polyrey, SA.

2,2'-Biquinoline was introduced into the matrices by direct inclusion during film
elaboration (PVA, MF) or by absorption from an n-hexane solution and evaporation
of the solvent (PE. PVC). All the films were washed with n-butylchloride and dried
carefully before use. All absorption spectra were recorded on a Cary 118 Varian
spectrometer, and emission and excitation spectra on a Jobin-Yvon JY3CS spectro-
fluorimeter with a 150W xenon lamp. 2,2'-BQ concentration in the films was of the
order of 10- 5 M.

3. Experimental results

3.1 Absorption

2,2'-Biquinoline is included in several polymeric matrices, more or less polar, able
or not, to undergo hydrogen bonding: PE or PVC was the nonhydrogen-bonded
matrix and MF or PVA was the hydrogen-bonded matrix. The absorption spectra
in these different matrices are very similar to those in solution; the first structured band
between 355 and 280nm looks like that of quinoline (same global shape, same
structure) but red-shifted (about 40nm), involving a larger delocalization of the
aromatic ring orbital. The second unstructured band presents a similar quasi red-shift
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absorption spectra of 2,2'-BQ has been observed by decreasing the temperature of
solutions in methylcyclohexane containing some traces of water in it, proof of
stabilization of the hydrogen-bonded complexes at low temperature (unpublished
results).

The relative variation of the oscillator strengths of the two first bands of 2,2'-BQ
is probably due to deformation of the conformation, involving coupling of the two
quinolic parts. The large flexibility of this molecule is coherent with the calculation
results: very weak energctic barrier around the C2-C 2 1 bond (about I kcal). A similar
deforming role of hydrogen bonding has been already shown in the case of various
TICT molecules (Cazeau-Dubroca 1991; Cazeau-Dubroca et a/ 1992).

3.2 Emission

In nonhydrogen-bonded polymeric matrices, only normal fluorescence is observed
at room temperature. In hydrogen-bonded polymeric matrices, a very intense long-
lived emission also appears (figure 2a). This emission is ascribed to room temperature
phosphorescence (RTP) because of the following reasons:

(a) the large similitude of the emission shape (same structure) to that of the one
observed at liquid nitrogen temperature, in the case of solutions or polymeric matrices
(figure 2b-a).
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(b) the polarization of this long-lived emission is negative, when excited by both the
first bands of the absorption spectrum (S0o-. -S), (So -+ S2), and involves the 'a, n*
character of the emissive triplet state (figure 2b-#) at room temperature as at liquid
nitrogen temperature (more negative indeed, in this last case).
(c) the very large value of the lifetime, r (decay time), in the range of about one
second (figure 3a), is specific of either a phosphorescence issue to a 3n, x* triplet state
or an a-delayed fluorescence (as in the case of DMABN in PVA at room temperature,
for instance (Cazeau-Dubroca et at 1983, 1986), the emissive TICT state being
populated through the highest vibrational levels of the triplet state).
(d) the temperature dependence is specific of phosphorescence: a continuous decrease
of emission intensity on increasing the temperature, from liquid nitrogen temperature
to room temperature, is observed (figure 3b).

Elsewhere this RTP depends on excitation wavelength: the ratio I increases
on increasing the wavelength excitation; the 340nm wavelength seems to be
"optimum" for the excitation of RTP, this means a larger efficiency for the RTP
owing to more "red" conformer corresponding to the less energetic spectrum. The
excitation spectra of fluorescence and phosphorescence, respectively, are th', same,
Indeed, this RTP is very dependent on the rigidity of the matrix.

We have to note that this RTP looks like that of the quinoline (very weak, increased
by heavy atoms) in a special matrix (chalk and paper) (Ford and Hurtubise 1979), The

IX
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Figuer 2. (a) Emisaion apectra of 2,2'.BQ in different polymeric matrices at room tem-
perature (concentration * 10- t M -ý MF matrix (A,, % 340 nm); - PVA rigid
matrix (A,,, % 340 nm) - 0 -0 - PVA soft matrix (A*,, 330 nm); -0 - * - PVC matrix
(A_%, 310nm), (b)* - Emision spectra of 2,2'-BQ in rigid PVA excited at 340nm at room
temperature (90 0) and at nitrogen liquid temperature (- ). /I - Polarization spectra

of the emiuion of Z2'-BQ in rigid PVA excited at 340nm at room temperature (00 0 @0)
and at nitrogen liquid temperature (- )

presence of the two chromophores (two quinolines) with some special conformation
with respect to each other (induced by hydrogen bonding), increases the RTP
phenomenon. The hydrogen bonding stains the complex to a conformation different
from that of the bare molecule. Recently, Higuchi et al (1980) assigned the EPR signal
of 2,2'.BQ in the stretched PVA film to the trans conformer. Furthermore, we have
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Figre 3. (a) Phosphorescence decay curve monitored at 500nm of 2,2'.BQ in rigid PVA
matrix. at room temperature, excited at 340nm. (b) Evolution of maximum or the phos.
phoreacence intensity (A,., % 500nm) against the temperature of the 2,2'.BQ in rigid PVA
matrix, excited at 340nm.

observed the absorption and luminescence spectra of 2,2'-BQ in the stretched PVA
rigid film at room temperature (the stretched 250% films are obtained by a similar
process as that of Higuchi et at 1980). Hence, the RTP, observed in hydrogen-bonded
matrices, is assigned to the cis conformer of the molecule. The reasons for this assignment
are as follows.

* In the stretched PVA rigid film, the observed absorption spectrum shows a relatively
weak first band (relative to the second band) and a ratio 'phH.,/ln. weaker than in
unstretched PVA rigid films cf. figures 4a and b,
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FIpare4. (a) Absorption spectra of 2,2'-BQ at room temperature (concentration % 10- M);
- in umstetched rigid PVA ft --- in sretched rigid PVA film. (b) Emission spectra
of 2,2'.BQ excited at 340 nm at room temperature: - in unstfetched rigid PVA film;

•- in stretched rigid PVA film,
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eFurthermore, the results of the calculated intermolecular interactions, •imulating
the hydrogen-bonded complex of the 2,2°-BQ, are consistent with the cis conformer,
while the more.stable conformation of the bare molecule is the trans one (unpublished
results). Moreover, th• simulated spectroscopic results, by CNDO/s are coherent with
the relative variation of the oscillator strengths, for the two conformers respectively
ci5 and trans (unpublished results). The deforming r01e of hydrogen bonding in the
ground state has been already stressed by some of us, it seems to be a general
phenomenon.

4. Condmiom

In the present s•udy, we show a strong long-lived emission in some hydrogen-bonded
polymeric matrices. This long.lived emission is a.•cribed to a room temperature phos-
phorescence issue to a 3•, •, triplet state, because its negative polarization by both
excitations of the two first absorption bands. This RTP i• very dependent on the
temperature and on the viscosity of the m.,trix. Furthermore, the appearance of the
RTP is correlated to the presence of hydrogen-bonded cGmplexes in the ground state,
according to the absorption spectra. We assume that these hydrogen-bonded
complexes in the ground state correspond to a different conformation of the 2,2'-BQ,
owing to the very large difference in the ratios of the oscillator strengths of the two
first absorption bands, in comparison with that of the bare molecule (absorption in
nonhydrogen-bonded matrix, for instance). A further study simulating the hydrogen
bonded complex (and its probable deformation) will be presented subsequently.
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Application of the three-level model: Rise and decay kinetics of the
temperature-dependent emission of metal ions with s2-valence
electron configuration

M DIEHL*, J DEGEN and H H SCHMIDTKE
Institut for Theoretische Chemic, Heinrich-Heine Universitit Diisseldorf, Universitits
Strasse 1, D-40225 DMsseldorf, Germany

Absract. Temperature-dependent rise time and lifetime results, by measuring the photon
emiuion in the temperature range 10-200 K, were obtained on cis-(NEt 4) 2[TeCIBr 2 -(C20)
and [SeCI,"V] - (0,). The kinetics of excitation and relaxation are described by a three.level
model containing transition rate constants which are related to different symmetry selection
rules between corresponding electronic levels. The transient emission can be modified by
.varying the excitation pulse length. Besides a slow component in the luminescence
decay-curve (0-5 ms at T - 12 K) a second, faster component can be detected. The amplitude
ratio of these components can be increased by decreasing the excitation pulse length, which
can be explained by assuming non-thermally equilibrated excited states. The results allow
the assignment of the lowest levels which arise from the excited sp electron configuration
of the central ion.

Keywords, Three-lvvel model; temperature-dependent emission of metal ions; s2 -valence
electrons.

1. Introduction

The three-level system is well established to explain kinetic experiments (Stepanov
1968). For the general case, the nomenclature and a schematic diagram are given in
figure 1, 1, denote terms of the s2 and sp configuration. The solution for the
corresponding rate equations is

2

n,(t)= E A1jexp(--t/Tj)+ AI. 3, i 0,1,2. (1)
j-i

A thorough treatment of the three-level system can be found in the book of Stepanov
(1968), hence, no further details are given here. In this work, the model is applied to
the interaction between electronically excited states and the ground state of metal
complexes with s2-electron configuration of the central ion. The limitation of the
model lies in the number of parameters (k,,) which are necessary to describe the
system completely. In the description of transient luminescence a total number of six
rate constants are involved. There is even an unsteadiness in the two rates kol and
k02 if the whole process of excitation and relaxation is to be described. Every rate
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Flgre 1. Three level system,

constant consists of two contributions, a radiative and a nonradiative part. Despite
the fact that the magnitude of some of the rate constants can be estimated sufficiently
well, e.g. there is no nonradiative excitation from the ground state and no radiative
interaction between the excited states, there is still a discussion going on, on how to
assign some rate constants found from kinetic experiments to the transitions in the
examined systems (Hughes and Pells 1975; Meidenbauer and Gliemann 1988; Donker
et at 1989a). There are many papers dealing with the application of the three-level
model to systems with s2 electron configuration and the energy difference AE between
the lowest exited states (Degen and Schmidtke 1989; Donker et at 1989a; Schmidtke
et at 1992). In order to be able to apply the three-level model, one has to make
assumptions on these r.te constants. It is common to assume that the rates which
connect the two excited state. '-e related by the Boltzmann factor as

k -A 1, "
k12 - , . . (2)

This is reasonabiL..,ecut of t,. mall energy difference (in the magnitude of some
100cm-1) and .* -e .e-: _.aly nonradiative contributions to these rates, On the
other rate consi it "'re t , "Terent opinions, especially whether the largest rate
which can be deti m.ined f- 'n time-dependent lifetime measurements must be
assigned to a radiatioile.-s deactivation (k2o) or is the Boltzmann late (k21). The value
of AE, estimated from the experiment, seems to be relatively independent from the
assumption for the rate constants (Meidenbauer and Gliemann 1988; Donker et at
1989a, Degen et at 1993).

2. Experimental

fxcitation is achieved by an argon-ion laser (Spectra Physics 2016, 457-5 nm line),
the I lasma light is removed with a LASERspek III monochromator. The cw-beam is
modulated by an optoacoustic modulator (Matsushita EFC-C200-P1 1). The pulse/
pause ratic can be adjusted in a wide range, the maximum frequency with this setup
is 10 MHz. Cooling of the sample is performed with a Leybold Heraeus R 219 closed-
cycle cryostat (minimum temperature 12 K). The transient detection of the luminescence
is done via standard single photon counting equipment which is described elsewhere
(Schmidtke et at 1992). Sample preparation for the Te(IV)-compound is precipitation
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with SnCI4 under inert gas conditions resulting in doped crystals with 1% Te
(Schmidtke et a! 1992). The Cs 2SeCI6 samples are used undoped (Degen and
Schmidtke 1989).

3. Results

We examine the transient luminescence of cis-[TeClBr 2II2-(C2 ) and [SeC16"]2-(O).
The shortest excitation pulse length applied is 100 ns. The longest pulse width is several
milliseconds. Upon excitation with pulse widths in the order of 100/ps, both systems
respond with a single exponential [oc I - exp(- t/T) for the rise and oc exp(- t/?) for
the decay]. The interpretation of the time dependencies is described elsewhere (Degen
and Schmidtke 1989; Donker et al 1989b; Schmidtke et at 1992; Degen et at 1993).
If the excitation pulse length is decreased, the response changes to a transient
luminescence which can no longer be fitted to a single exponential. Figure 2 shows
the response of cls-[TeCIBr 2 -2 to a 1-ps excitation pulse. It can be seen that two
exponentials are necessary to fit the observed transient. The fast component is
governed by the rise time of the excitation pulse which is of the order of 20 ns. By
decreasing the width of the excitation pulse, the amplitude of the fast component is
increased. This can be shown in a quantitative manner for the Se-compound (Degen
et at 1993).

4. Discussion

With excitation pulse-width dependent lifetime measurements additional information
about the rate constants in Tl 4-like systems can be obtained. Since the observed
pulse width dependencies exist, the Boltzmann-related rates (k,2 and k,,) cannot be

1000-
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Figure L Transient luminescence of cls-(NE,4)2TeCI 4 Br2 at 15,500cm-I under excitation
with a I-jus laser pulse (A,. - 457,5 nm).



670 M Diehl, J Degen and H-H Schmidtke

the rates with the greatest magnitude because thermal equilibrium would be expected
even shortly (some IOns) after application of the excitation pulse. It can be concluded
that the depopulating rate k2o corresponds to the observed fast decay constant. This
is consistent with the dominant transition rate for r,--r, (Se-compound, 0 h
symmetry), as deduced from selection rules (Degen and Schmidtke 1989; Donker et al
1989b) for molecular transitions.
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Reflectivity as a probe for chemical reactions

M SCHUB1Y'ELL*, H R TSCHUDI, P KUHN and H RIES
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Abstract. Endothermic chemical reactions taking place at temperatures above 1000K arc
candidates for the utilization of solar energy In highly concentrating solar furnaces. Special
interest is focuned onto the question of whether light drives the reaction differently from
heat. To observe such an effect it is important to monitor the chemical process of the sample
under irradiation. In this paper we propose spectral reflectivity a a probe for chemical
changes. We present laboratory measurements showing reflectivity changes associated with
the oxidation of magnetite. We observed significant changes at temperatures coinciding with
the oxidation temperature of magnetite. We further observed a change of the reflectivity
associated with the phase transition of maghemite to hematite. Contrary to the literature.
we find that this phase transition leads off at about 523 K.

Keywords. Reflectivity; chemical reaction, phase transition; solar furnace.

1. Introduction

Conversion of solar energy into chemical fuels has been a field of intense research
for many years (Bolton and Archer 1991). This is usually attempted as a thermo-
chemical reaction under highly concentrated solar irradiation, e.g. in a solar furnace.
Special interest is focussed onto the question of whether concentrated light drives
the reaction differently from heat. One possible effect of irradiation might be, for
example, a decrease of the reaction temperature (Sizmann 1989). To observe such an
influence it is important to monitor the chemical process of the sample under irradiation.
In this paper we propose spectral reflectivity as a probe for chemical changes. This
can be done even under intense solar irradiation by using, say, a flash of known
spectral intensity. We report laboratory measurements showing the reflectivity
changes associated with the thermal oxidation of magnetite. In combination with an
accurate method to measure surface temperatures as proposed, for example, by Ries
et at (1989) one should be able to quantify the influence of concentrated radiation
on a chemical reaction.

2. Expermental

Thin films of powdered magnetite (iron(III)-oxide, Fe3O4 , 97% purity) were prepared
on a 4-tam.thick circular stainless steel substrate, '3 cm in diameter, by various
techniques, e.g. repeated slow drying of aqueous suspensions dripped onto the substrate
or spraying of an aqueous suspension onto the hot (400-500 K) substrate. Using the
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Figure 2. Transmisaivity of the bandpass filters used as a function of wavelength. Peak
transmittances are at 400, 550, 700, 850 and 1000nm.

spray technique we achieved powdered thin films with a matte surface and a thickness
of approximately 100Mm.

The samples were placed in a cavity-like furnace, made of stainless steel open to
the atmosphere, and heated by a thermocoax wire wound around the metal block.
The furnace is embedded in a block of ceramic insulation. A few centimeters away
from the sample, we placed a calibrated reference reflectance standard (Spectralon).
The temperature of the sample is controlled by two thermocouples slightly stuck into
the substrate. The experimental setup is depicted schematically in figure 1.

To determine the reflectivity of the sample we proceeded as follows. The sample
and the reference target were first illuminated with a flash (flashtime % I ms) and
imaged with a slow-scan high-resolution (16 bit) CCD-camera. To determine the
thermal background radiation a second set of images was taken without the flash.
By subtracting the images taken with and without the flash the net reflected radiation
was calculated, Consequently the reflectivity can be computed by comparing the
reflected radiation from the sample with that from the reference reflectance standard.
The reflectivity has been measured at five wavelength bands by using bandpass filters
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with peak transmittances at 400, 550, 700, 850 and 1000 nm. The transmissivity of
the used filters is shown in figure 2. The FWHM-values of the filters amount to 67,
57, 80, 82 and 130 nm, respectively.

3. Rmults

In figure 3 we show the reflectivity of a powdered magnetite film (Fe3 O4 ) heated at
a rate of 8 K/min as a function of the temperature at different wavelengths. At about
475 K a gradual increase in the reflectivity can be observed at all wavelengths. We
attribute this increase to the oxidation of magnetite, iLe. the reaction

4 Fe30 4 + 0 2--+ 6 FeO. ()

From the literature it is known that magnetite is oxidized to the metastable
maghemite (Y-Fe 2 03) at low temperature. At higher temperatures the maghemite
transforms irreversibly into hematite (0-Fe2 03). However, a transition temperature
cannot be assigned to this phase transition since it transforms gradually, Therefore
it is generally believed that maghemite exists only as an intermediate product of the
oxidation process from magnetite to hematite (Goto 1964; Swaddle and Oltmann
1980; Oezdemir and Banerjee 1984).

To investigate the transition of y-Fe2O3 into a-Fe20 3 we also measured the
reflectivities of maghemite and hematite as functions of temperature. The inaghemite
and hematite samples were prepared by heating powdered magnetite films at 500 K
and at 1170K, respectively, for approximately 80 minutes. A subsequent X-ray
diffraction analysis indicated that after this treatment the first sample consisted of
* 95% maghemite whereas the second sample was oxidized to pure hematite. Figure 4
shows the results of the reflectivity of y-Fe 2O3 , oc-Fe 20 3 and Fe3O4 versus the
temperature at 850 and 700 nm, The heating rate was again % 8 K/min.

It can be seen that the reflectivity of the stable hematite continually decreases with
increasing temperature as predicted by the Urbach rule (Kurik 1971). The reflectivity

0.5-

: 400 nm FG 30 4
0.4- SUO Rm

, 00 nm i'
0 SSO nm £ no~oa. 46,

SA 1000rm eM '-

&&AAA h£A£&' 6Y 9o

0.1 . .

0.0
goo 450 650 050 1050 1260

Temperature oKI
FVgue 3. Reflectivity of Feo06 at different wavelengths versus temperature. Heating rate
w S K/an.
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Figure &. Thermogravimetric analysis of magnetite and reflectivity at 850 nmi.

data fro maghemite show that the phase transition to hematite leads off at about
525 K. This temperature is about 150 K lower than the transition temperature reported
in the literature (Goto 1964). Furthermore, it is only slightly higher than the oxidation
temperature or magnetite. There is evidence that the rate of phase change strongly
depends on temperature (Landolt-Boernstein 1980). In our experiment the phase
change seems to be over at about 1000 K. The time needed to heat up the sample
from 525 to 1000 K amounts to approximately 60 min.

A similar investigation was performed by thermoanialytical methods. In figure 5
we show data of a thermogravimretric analysis (TGA) of magnetite together with
reflectivity data at 850 nm.

The TGA-data show that the oxidation of Fe3 04 leads off at m 425 K. The reflec-
tivity measurements indicate a significant change in the reflectivity at a slightly higher
temperature (w 475 K). Based on the TGA-data, we estimate that at this temperature
about 12% of the magnetite is oxidized to maghemite.
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4. Conclusions

Using Fe 3 04 asan example we showed that reflectivity can be an appropriate property
to monitor chemical or structural changes on surfaces. We found that the oxidation
of magnetite as well as the phase transition of maghemite to hematite can be observed
by this method. We showed that the phase transition of maghemite to hematite leads
off at - 525 K which is about 150 K lower than the values found in the literature.

We believe that this method can be an important tool to study chemical reactions
on surfaces, By using, say, a powerful flash, the reflectivity can be measured even
under intense solar radiation. Therefore, in combination with accurate temperature
measurement, the potential influence of concentrated solar irradiation on a chemical
reaction might be observed.
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Intramolecular and dissociation dynamics of triatomic molecules:
Some results for HCN and CO2
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Abstract, Intramolecular dynamics of two linear molecules HCN and CO, are studied by
computing trajectories, plotting Poincart sections and calculating Lyapunov exponents, The
process of dissociation is then studied by the same technique for HCN In the presence of a
strong CO, laser. Results of these preliminary calculations unequivocally show a threshold
intensity for dissociation which is possible to verify experimentally.

Keywords. Intramolecular dynamics; dissociation probability; triatomic molecules;
Poincar6 sections; Lyapunov exponent.

1. Introduction

How much of intramolecular dynamics is understood by performing computations
of trajectories integrating the Hamiltonian equation of motion? It turns out that a
lot can be learned and the limitations are quite often that of not having enough
computer time to carry through all that you would want to do.

In this article, we use some recently utilized and accurate model Hamiltonians for
the molecules CO2 and HCN and examine what classical mechanics can say regarding
these molecules. The results are relevant for two cases. In § 2, some results of computation
of trajectories in the configuration space of vibrational motion of these molecules
are presented utilizing Poincar6 sections. The qualitative change in the dynamics on
increasing the energy of the molecules is well understood by these computations. The
dynamics can thereby be related to the theory of chaos and clear transitions from
periodic regular trajectories to non.periodic irregular trajectories are seen. It is difficult
to accurately quantify the transition energy by computing the trajectories and
examining the Poincar6 sections. A much better but (computationally) quite expensive
method is to calculate the Lyapunov exponents for these trajectories. The change of
sign of the Lyapunov exponent with variation of the energy of the system lets one
obtain more accurate values of the transition energy. The results of these are discussed
in §2.

The success of the implementation of our own routine for the computation of the
trajectories induced us to consider the dynamics of dissociation of these molecules
stimulated by an external electromagnetic field. The problem is discussed in § 3 where
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the first results of these computations are presented, This new technique has now
been implemented for the first time to discuss the intramolecular dissociation dynamics
as well as to obtain the dissociation probability. It appears to be a rather promising
technique especially in view of the near impossibility of obtaining any accurate
quantum-mechanical photodissociation probability due to the prohibitive expense of
the relevant computation. The threshold field strength of dissociation for HCN has
been obtained with an accuracy which should be compared both with theoretical
and with eventually experimental methods.

2. Intramolecular dynamiks

The Hamiltonian model for CO2 molecule is given by:

H.-HI +H +H12  , (I)
with

H, - (PI/2j1 ) + V(R1), i = 1, 2, (2a)

H12 = O(/m)P, P2 1 (2b)
V(RI) - D(I - exp(- uRj)) 2, (2c)

where D - 5.5ev and o - 3.1 A - .
In the above equation, R, is the displacement of the CO bond from its equilibrium

position, P, is the conjugate momenta corresponding to R1, l/p, = I/me + I/%e, mc
is the mass of the central atom (carbon mass), me is the oxygen mass and I refers to
the specific bond in the molecule. These bonds are not equivalent if all the three
masses are different. H, is the Hamiltonian for the reduced mass A, consisting of the
kinetic energy P?/2p1 and the potential V(R1) which depends only on the position
R1. The term H,, is the coupling between the motion of the two reduced masses
(Wilson et al 1955). Since the molecules are linear, we assume that the angle between
the two relevant bonds is 1800. Regardless of the choice of the potentials V(RI), the
coupling term H,, is exact and plays a crucial role in our consideration. Such a
model, while deficient in many respects such as absence of rotation, bending motion,
Fermi resonance etc., is still capable of generating a good number of the vibrational
levels of the molecule and therefore has been utilized for various studies in the
literature (Buch et al 1982; Halonen and Child 1982: Terasaka and Matsushita 1985;
Botschwina 1988; Karrlein 1991; Shi and Rabitz 1991).

For HCN, the Hamiltonian (Smith et al 1991) has given the same form as (1) and
(2), with

V(I =, i'z + vjZ1, + V1Z, 1,12. (3a)

Z, - I - exp(- aR,), (3b)

and the term H 12, however, is chosen to be

H12 - -(l/me)PiPP + V(R1 ,R2 ), (3c)
where

"V(R1,R 2)- VZIZ2+ VIZIZ 2 + V5Z2ZI. (3d)
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All the parameters are given in table I and the indices I and 2 correspond to CN
and CH coordinates, respectively. These parameters approximately fit the first 40
stretching vibrational levels in the spectrum with an error of about 0.01% of the
energy values and predict the two possible dissociation pathways associated with this
molecule within 15% for the channel (H + CN) and within 8% for the channel
(HC + N) (Smith et al 1991).

The Hamiltonian equations of motion along with conservation of energy, give rise
to a set of three coupled equations for each of these two Hamiltonians. These are
then integrated generating the trajectories and the results are plotted as Poincar6
sections with the coordinate R, and the momentum P2 as the variables. Figures I
and 2 show a set of these for CO, and HCN respectively. These are in ascending
order in energy and even a cursory perusal of them shows how the trajectories make
the transition from being periodic to chaotic as the energy is increased. A more

Table I. Parameters for the generalized Morse potential for HCN (Smith 01 al 1991).

al , 2.306172 A - - 1'847393 A' V, - 0'30763 ev
1`- 1099446ev VI, - 5.69714ev Va - -9,425 x 10 •r¢v
V- -0499332ev V22 - 0-47528ev V3 - 3,657 x 10 'ev
V:' - 5,954 x 10- 2 ev V33 - 8.426 x 10- 2 ev

5.49 7.18-

o '7,

-0.13 0.05 0.22 -0.16 0a9 0.31
a) R2  b) I

8.04- 8.72-

. .• • :

.018 011 0.39 -0.19 016 050

C) R2  d) R2
FIure 1. Poln.ar. section at different values of energy for the C02 molecule where the
two atoms of oxygn are lamu. (a) 15(b) 25(e) 3Q and (d) 35evI ,, , ,• .. ..: ..
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5.39- 6.25-
P2

0.00-( - V 0.00-~'

-5.39-f -6.25-

-0.13 0.05 0.23 -0.15 0.08 0.31

a) R2  
b) R2

7.75 8.64-

0.00I 0.00

-7.75 1 ---- 8.64 -

-.1 0.10 0.40 -0.23 0.13 0.48
C ) R2  d) R2

Figure 2. Poincar6 section at four values of energy for the molecule DC"N. (a) 2. (b) 3,

(c) 4 and (d) 5 ev.

Table 2, Lyapunov exponent at different values of
the energy.

Energy Lyapunov
Ilev) exponent

('22-50 -10

2.76 --0-2
3-00 0.5

HCN 200x -- 1.S
280O -01
2.90 03

quantitative estimate of the energy where such a transition occurs (threshold energy)
requires rather extensive calculations involving computation of the Lyapunov
exponent (Benettin et al 1976; Shimada and Nagashimna 1979; Wolf et al 1985; Meyer
1986). Table 2 indicates where that occurs for '2C 160 2

1 H I IC1
4 N, respectively.

There are two remarks that need to be made and which are generally applicable.
First, even the simplest of couplings - P1 P2/mc is able to create the transition to
chaos from elementary models of vibrational dynamics. Therefore, we expect, in
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general, to see manifestation of transition to chaos at some energy for all polyatomic
inolecules in their vibrational motion. Second, chaotic dynamics is strongly and
sewsitively dependent on the isotopic mass chosen for the molecule (Pichierri 1992;
Bo.ina et al 1993).

Ti ese computations have served as a starting point for calculation dissociation
probability of HCN by intense laser fields utilizing trajectories and Poincar6 sections
and to investigate the relationship between the threshold energy for chaotic dynamics
and the dissociation probability brought about by the external electromagnetic field.

3. Dissociation dynamics of HCN

We employed the same type of method described in the previous section to study
the laser-induced dissociation of HCN molecule. The laser field is .characterized by
the electric field strength and frequency of the laser light. Interaction between the
molecule and the laser radiation field is included through the dipole moment function.
The Hamiltonian for the laser-molecule interactions is

H, = Eoy(R).cos(c't), (4)

where E, is the electric field strength, u is the dipole moment, ( is the time, and (0
is the frequency of the laser. The dipole function was taken as

P = (RCH, RCN) = A ((RCN + RCN ., exp(- PR,,)

- (RCH 4. R , ) exp(- PRCH)], (5)

where A is a constant proportional to the permanent dipole of the molecule in its

1.0-/.. .

H + CN

0.5"

[ý HH+C+N

0.0 J. --

2.0 7.6 13.2 18.8 24.4 30.0

Fo(ev/A)
Flure 3. Classical prob bility of dissociation in function of the electric field strength (ev/A)
where the frequency oi the laser is 0114ev. The number or initial conditions is 20.
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O0.60 - 0.58- _7:
P2  P2

WQ.

0.00- 0.00.

-0.60- -0.58
-0.10 0.02 0.13 -0.07 0.03 0.12

a) R2  
b) R2

0.59- 0.64 -
P2 : """P2

-0.59- -0.64
ý-009 0.02 0.13 -0.10 0.05 0.20

C ) R2  d) R2

0.25-
P2

0.00 0

-0.25-
0.03 0.10 0.17

e ) "IA

Figuree4. Poinc~Ar6 section at different values of the electric field strength where the frequency
of laser is 0-14ev for the molecule of HCN. (a) 5, (b, 10, (c) 15, (d) 18 and (e) t9cy/A.

equilibrium, R. is the displacement from the equilibrium position, R .. of each bond
i, and Pi is a constant that is taken equal to one. We expect this dipole function to
be a good approximation because the force colstorts of C-H and C-N are not very
different from the corresponding force constani s i. . :N (Smith et a/ 1987; Botschwina
1988).

In order to study the laser-induced dissociationi probability of the HCN molecule,
it is necessary to calculate the classical probability of dissociation starting from a set
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Table 3. Lyapunov exponent and the maximum
value or energy reached at different values of the
electric field strength where the frequency of laser is
0-114ev for the molecule of HCN. At 19ev/A there
is dissociation.

Electromagnetic
strength Lyapunov
(ev/A) exponent

5 0.0050
10 0.0224
15 0-0327
18 0.0500
19 0-2500

of initial conditions at a specific energy. The probability is given by

Pd,(R, T)= - Y 6(R,(T)), (6)

where N is the number of initial conditions, T is the optical cycle, R is the deviation
of the relevant bond (CN or CH) from its equilibrium position and 6 function is defined
as

(Rd = (1. if R, > RdI,, (7)

( 0, if RL<Rd,,,,'

and Rdi, is taken equal to 9A (at this value the potential energy = I x 10-lev). The
results are given in figure 3 where we show the classical probability as a function of
the field strength Eo (ev/A) for the reactions, HCN --* H + CN and H + CN -+ H + C + N.
It is clear from figure 3 that the threshold field strength for the dissociation of
HCN- H + CN has a value of 18.16ev/A.

In figure 4 we show the same Poincar6 section (i.e. for R2 and P 2) at different
values of field strength and a frequency of 0.114ev. These are for field strengths: (a)
5ev/A, (b) 10ev/A, (c) 15ev/A (d) 18ev/A and (e) 19ev/A. At the last field strength
(figure 4e), we have already calculated that the dissociation probability of the molecule
is equal to 0.40 for the reaction HCN -. H + CN and 0.20 for the reaction H + CN --,
H + C + N (figure 3). From these figures, we see that at the lowest field strength i.e.
at 5 ev/A, the Poincar6 section is confined to an almost circular region. With increase
of field strength, qualitative changes appear; however, it is difficult to conclude much
regarding dissociation from these figures.

Lyapunov exponents at different values of electromagnetic field strength are shown
in table 3. At 19ev/A, even though the molecule dissociates, one can still calculate
the Lyapunov exponent as long as the calculation is limited to not very long time
periods. The values of the Lyapunov exponent jumps from 0.05 at 18 ev/A to 0.25
for 19 ev/A. Therefore one sees that dissociation may be related to deterministic chaos
(Smith et al 1987; Botschwina 1988).
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Factors which determine the efficiency of sensitized
singlet oxygen production

F WILKINSON*, D J McGARVEY and A OLEA
Department of Chemistry, Loughborough University of Technology, Loughborough,
Leicestershire, LEI I 3TU, UK

Abstract, Nanosecond laser photolysis measurements of sensitized phosphorescence from
oxygen have been used to obtain values for singlet oxygen formation efficiencies during
oxygen quenching of excited singlet and triplet states of anthracene and naphthalene
derivatives. Oxygen quenching of excited singlet states of anthracene and dicyanoanthracene
in cyclohexane has been shown to lead to catalyzed production of triplet states with unit
efficiency in both cases, but concurrent production of singlet oxygen only occurs in the case
of 9, lO-dicyanoanthracene with efficiency close to unity whereas the efficiency for singlet
oxygen production due to direct oxygen quenching of excited singlet anthracene is close to
zero. In contrast to these results, oxygen quenching of the triplet states or anthracene and
dicysnoanthracene in cyclohexane yields singlet oxygen with unit efficiency whereas the
singlet oxygen formation efficiency during oxygen quenching of triplet I.ethylnaphthalene
is only 0.86 in cyclohexane and drops to 0.51 in acetonitrile. This solvent dependence
demonstrates the role which charge transfer interactions play in determining singlet oxygen
yields, Further information concerning the decay of excited oxygen-aromatic hydrocarbon
charge-transfer complexes have been obtained from picosecond laser pump-probe studies
where direct excitation is into the charge-transfer bands of oxygenated I-ethylnaphihalene.
Following the excitation of the charge-transfer complex, the triplet state of .-ethylnaphithalene
is rapidly produced with an efficiency which shows a marked solvent dependency, being 0.4
and 0.8 in ucetonitrile and cyclohexane. respectively. The measured yields of singlet oxygen
formation following excitation into I-ethylnuphthalene.oxygen charge-transfer complexes
are 0.36 and 0-78 in these two solvents which is greater than that expected on the basis of
the measured triplet yields. Mechanisms o0 quenching of excited states by oxygen which
explain these results ,re discussed.

Keywords. Singlet oxygen yields: oxygen quenching; charge transfer absorption.

I. Introduction

It is well known that molecular oxygen is a paramagnetic molecule which is ubiquitous
and efficiently quenches electronically excited states in dilute fluid solution (Birks
1970). The ground electronic state of molecular oxygen has zero angular momentum
about its internuclear axis, contains two unpaired p-electrons and is given the group
theoretical symbol JE-. The two electronically excited states of oxygen which arise
from the same electron configuration, both with spin pairing of these two electrons, are
the tA. and the iZ; states which lie 94 and 157kJmol-' respectively above the
ground state. Oxygen is one of the most efficient quenchers of electronically excited
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states and it is often assumed that electronic excitation energy is transferred to oxygen
with high efficiency when spin statistical factors are taken into account. In a set of
classic studies, Gijzeman et al (1973) showed that the rate constants for oxygen
quenching of the triplet states of several aromatic hydrocarbons are less than those
expected for a diffusion-controlled reaction, being 4 3 x 10dm 3 mol" Ps - 1 in benzene
solution at room temperature, which is about one ninth of the rate constants observed
for oxygen quenching of excited singlet states of aromatic hydrocarbons (Ware 1962).
However, the fractions of singlet and triplet states quenched by oxygen which produce
singlet oxygen have more recently been shown to vary substantially from one
compound to another. (Redmond and Braslavsky 1988a; Saltiel and Atwater 1988;
McLean et al 1990; Wilkinson et al 1993). Quenching of excited singlet states by
oxygen may produce singlet oxygen when the gap between the first excited singlet
and triplet states of the aromatic hydrocarbon exceeds 94kimol-1 and can, in
addition, catalyse further production of triplet states (see below). This has to be taken
into account when interpreting the quantum yields of singlet oxygen production
measured in any experiments where there is oxygen quenching of singlet states.

The various competing reactions can be understood by considering the nine steps
shown below from which it follows that

and 4o'. . .. (I)•=ki, + k,, + k,,, " ki, + kit + ks,i

where i•. and 1 are the quantum yields of fluorescence and of triplet state production
in the absence of oxygen, respectively,

k,
Stepi I M.* I M+hvF.

2 1M*---." 1M.

3 ' M*k -•3M*,

4 IM*+ O12- M*+ 02,

k.,,5 1 M* + 30O,-=+ M* +30O2,

6 'M* + 302---oquenching,

7 3M* --- IM,

8 3M* +302 kA M + 10,

kro

9 3M* + 3O0 -.---quenching.

We can define the fraction of singlet states quenched by oxygen as

Ps) = kS 2[o2 ]/(k + k,5 [o0), (2)
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where
kS + = ks + k and ks-+kr+k + kIC.

The quantum yield of triplet production in the presence of oxygen 4P1 is given by
' - - 3+ ,.o, PO.(3

IT T -S (3

where J.10 is the fraction of singlet states quenched by 02 which yield triplet states.
Note that step 6 represents quenching of the singlet state by oxygen by any mechanism
which does not produce either singlet oxygen or triplet states i.e., other than those
shown in steps 4 and 5. The quantum yield of singlet oxygen production by sensitization
4A is given by the sum of the contributions due to oxygen quen•sing of singlet and
triplet states i.e.

40A - OA (SI ) + OA( T, ) (4)

If f I and fI are defined as the fractions of S, and T, states respectively quenched
by oxygen which give 0,('A,) it follows that

€0 fPS pO 2 +0 
02 fT pO)= a-- -- r A,-- T 5

where POT' equals that fraction of the triplet states which are quenched by oxygen,
which is often close to unity because of the long lifetimes of many triplet states.

Quenching of the excited singlet state leads to a Stern-Volmer relationship bctween
the fluorescence quantum yields in the absence and presence of oxygen as given ')y
(6) where FP and F represent the fluorescent intensity of the sensitizer in the abs,;ncc
and presence of oxygen i.e,

,°/•o = F°IF I + k0,[O 2]/k1. (6)

When P/r' = 1, combining (2). (3), (5) and (6) gives

*Oj(F°/F) =- (fs + f of r)L(F°/F) - I] + (7)

which can be used to obtain information conceraing the crucial factors: however,
one needs independent measurements of 41' and fo" to determinef,' and fX

Alternatively one can produce the triplet state• of the sensitizer with unit efficiency
by energy transfer using aromatic ketones as triplet energy donors. Then (5) becomes

O= -TP• (8)

This allows values of fT to be determined. We have recently employed this method
used previously by ourselves (Garner and Wilkinson 1976) and others (Gorman et al
1987) to demonstrate the dependence of fT for a series of naphthalene derivatives in
benzene on the oxidation potential of the sensitiser (McGarvey et a! 1992).

The perturbing effects of dissolved oxyger. on the UV/Vis absorption spectra of
organic molecules is a well-known phenomenon which was first studied in detail by
Evans (1957) and subsequently discussed by Tsubomura and Mulliken (1960) and
Birks (1970). The additional absorption bands observed include the lowest energy
transition which corresponds to the So - T, transition of the organic molecules in
intimate contact with an oxygen molecule. More intense absorption observed at
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1M' _ -- )(M*..1oj)*

OMP ~ • Tr(nd .,)O- - 10P.I
=,c = (YM..1D. XMOMft'V.j

S= I(M,,I~ l li (
1
A1 )

'M- 3(,MV3
2  - 3  302 (3 N

M M..04 02
Fliure I. Schematic diagram of the lower energy levels of the M..O2 complex between an
aromatic molecule, M, and molecular oxygen, 02.

shorter wavelengths is often attributed to CT transitions within 3(M,.02) contact
complexes (see figure 1) and this assignment is supported by the broad structureless
appearance of the bands. In this paper, we exploit the optical absorption properties
of oxygen/organic molecule contact complexes to directly populate, using both
nanosecond and picosecond laser pulses, excited state complexes which may be
involved in the dynamic quenching of excited states by oxygen.

2. Experimental

2.1 Materials

Anthracene (Aldrich Gold Label), naphthalene (Aldrich, scintillation grade, > 99%),
1-ethylnaphthalene (Fluka, 99%), beniophcnone (BP) (Aldrich (Cold Label) and
p-methoxyacetophenone (PMAP) (Aldrich, 99%) were used as received. Acridine
(Aldrich) was recrystallised from ethanol and 9, 10-dicyanoanthracene (Kodak) was
recrystallised from benzene. Acetonitrile (Aldrich, spectrophotometric grade) was
dried by refluxing over calcium hydride. All other solvents were spectrophotometric
grade from Aldrich and were used as received.

2.2 Picosecond pump-prohe measurements

Solutions of 1-5M I-ethylnaphthalene (EN) in cyclohexane and acetonitrile were
equilibrated with 2-4 atmospheres .f oxygen yielding absorbances of - 0.3 around
355 nm compared with -- 0.05 for air-equilibrated solutions. The absorbance due to
the EN/0 2 contact complex exhibits a linear dependence on oxygen concentration
under our conditions. The picosecond time-resolved absorption measurements were
carried out at the Rutherford-Appleton Laboratory Laser Support Facility. The
picosecond laser system was a frequency-doubled mode-locked Nd/YAG pumping a
dye laser operating at 706 nm. The pump and probe wavelengths were obtained by
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frequency-doubling to give 353 nm and mixing of 1064 nm and 706 nm to give 424 nm.
The operating conditions were as follows: pump wavelength = 353 nm, pump energy
= 4uJ; probe wavelengths - 424 nm and 706 nm, pulse duration - - 5 ps, irradiation
area - 0,8 mm 2 , The probe wavelengths are suitable for detection of the EN triplet
state (424 nm) and the EN radical cation (706 nm). We are not aware of a documented
spectrum for EN * but expect that it will have a similar spectrum to the naphthalene
radical cation which is well documented (Liu et al 1992). The yield of EN triplet state
following CT excitation was measured by comparison of the triplet state absorption,
observed at 424 nm, 400 ps after excitation with that from an identical optically-matched
air-equilibrated solution containing BP or PMAP. Under our coiiditions ([EN] =
1.5 M) energy transfer is complete within 300 ps. Both ketones give the same yield of
sensitised 3EN* demonstrating that energy transfer from the triplet state of these
aromatic ketones proceeds with 100% efficiency giving an effective EN triplet state
yield of unity for these solutions.

2.3 Nanosecond flash photolysis and singlet oxygen yield measurements

For nanosecond flash photolysis studies and for the singlet oxygen yield measurements
the 355 nm harmonic of a Lumonics HY200 Q-switched Nd/YAG laser (8 ns, 15 mJ
pulse - I) was employed as the excitation source. Oxygen-quenching rate constants
were determined by sensitising the EN triplet state with an aromatic ketone and
measuring the rate of triplet decay in an air-equilibrated solution. Singlet oxygen
was detected by monitoring the 0, 0 vibronic band of the phosphorescence centred at
1270rim (9) using a Judson germanium photodiode (J16-8SP-R05M, active diameter
-0.5 cm) coupled to a Judson PA 100 amplifier,

O*(1Ae)- O-( 3E )11 + hv(1270 nm). (9)
The phosphorescence was detected at right angles to the exciting beam through

a silicon cut-off filter. The laser energies employed did not exceed 0.7 mJ pulse- 1.
Individual luminescence traces were signal-averaged and fitted using a single expon-
ential function to yield the luminescence intensity 1 at t = 0. The 10 values were
plotted against relative laser intensity to obtain plots which were linear below 0.5 mJ
pulse- 1. Comparison of the slopes of these plots yielded relative singlet oxygen yields.
The fluorescence measurements with anthracene and dicyanoanthracene were carried
out using a Perkin-Elmer 3000 fluorimeter and the oxygen concentrations were in
the range 2.4-34'6-10- 3 moldm- 3.

3. Results and discussion

The singlet-triplet energy gap in the case of many aromatic hydrocarbons, e.g.
anthracene, naphthalene and their derivatives, is such that it is energetically possible
to produce singlet oxygen via oxygen quenching of both excited singlet and triplet
states i.e. by reactions (4) and (8) given earlier. According to (7) plots of *%(F0 /F)
versus [(F°/F) - 1] should be linear and figure 2 shows that this applies to the data
we obtained for anthracene and dicyanoanthracene in cyclohexane. The slopes and
intercepts for these two compounds show very large differences. The slopes of these
plots give values for Vfs + frfoa) of 0'91 ± 0'05 and 1.95 ± 0.05 respectively for
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Figure L Plots according to (7) (see text) which illustrate the dependence of *A. the singlet
oxygen yield, on the extent of fluorescence quenching by oxygen, where FO and F represent
the fluorescence intensities in the absence and presence of oxygen, for (A) anthracenc and
(1.1) dicyanoanthracene in cyclohexane.
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Fig.. 3. Picosecond absorption profiles observed for 1t5 mol dm-) of I -ethylnaphthalene
in (a) acetor.!rile and (b) cyclohexane; (CV) oxygenated with 3-4 atmosphere of oxygen, ( x )
air-equilibrated containing benzophenone. The oxygenated and ketone-containing solutions
were optically matched at the excitation wavelength (353 nm).
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anthracene and dicyanoanthracene. The value for dicyanoanthracene is close to the
maximum value.of 2 which arises when 1" . =f .f' I i.e. all these fractions are

unity which applies when oxygen quenching is exclusively via steps 4 and 8. This is
the situation for dicyanoanthracene in this solvent. Note that the intercept of the
plot for dicyanoanthracene in figure 3 is 0 ± 0-05 which is consistent with 0 % 0. In
the case of anthracene, however, the intercept is equal to 0.77 ± 0.05 which equals
(frT0)) and since the triplet yield is reported to be 0.72 ± 0.05 (Horrocks and
Wilkinson 1968) these values are consistent withfr 1 "0 ± 0.05. Potashnik et al (1971)
have shown that oxygen quenching of singlet anthracene does lead to enhanced
triplet absorption withf°0 = 0.9 ± Ol in toluene and acetonitrile. It follows that f/ is
close to zero for anthracene. The reason whyfI values is so different for anthracene
and dicyanoanthracene is likely to be due to the same reason which causes the
intersystem crossing yields of these two compounds to be so different, namely the
presence or absence of an intermediate triplet state between the S, and T, states in
these anthracene derivatives.

The probabilities of dissociation of collisional complexes of the type shown in
figure I relative to the probability of internal conversion leading to energy dissipation
in these complexes determines the values of fs and f . In an attempt to understand
such processes we have examined the singlt oxygen yields when excitation, under
an elevated pressure of oxygen, was directly into the CT state (see figure I) in
comparison with the singlet oxygen yields observed via triplet sensitisation from
triplet BP (or PMAP) in air-equilibrated 1.5 M EN solutions using optically matched
solutions. The singlet oxygen yields from the sensitised samples were ;..,.umud to be
the same as those measured by us using smaller EN concentrations (-- 005 M). In
these meaurements the standards used were acridine in acetonitrile, DA = 0'82
,Redmond and Braslavsky ;988b) and p-methoxyacetophenonc/0I M naphthalene
in cyclohexane, 4^ =0.92 (Gorman et al 1991). Thus values of the singlet oxygen
yields resulting from absorption to CT states of 0 2/EN complexes, D1)" equal to
0.36 and 0.78 were obtained in acetonitrile and cyclohexane respectively.

Using 353 nm picosecond excitation of the same solutions, a 'prompt' increase in
absorption at 424nm where triplet naphthalene absorbs was observed (figure 3),
which does not significantly decay over the timescales investigated (-- I ns). Thus the
EN triplet state is produced within a few picoseconds i.e. within the risctimc of our
picosecond apparatus. Superimposed upon the rise in triplet state absorption we
observe a rapid symmetrical rise and fall in absorption which follows the excitation
pulse. This component is present regardless of whether the solution is oxygenated or
not and so is not derived from the CT state. Also this rapid component is not observed
with neat acetonitrile or cyclohexane but is observed in the case of neat benzene.
This feature has been observed previously (Masuhara et al 1981: Miyasaka et al 1985)
in studies of multiphoton absorption by neat aromatic liquids as a rapid component
absorbing around 420nm and was attributed to electron-aromatic ion production
and geminate recombination. We believe a similar process is operating when 1.5 M EN
solutions are subjected to 353 nm picosecond excitation. The consequence of this
multiphoton absorption is the appearance of a relatively small long-lived (> I ns)
absorption which may be due to the excited singlet or triplet state of EN or it may
be due to the EN radical cation or a combination of these. Since we do not have
the facility of spectral resolution with our picosecond measurements we are presently
unable to identify this weak background absorption.
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Using the picosecond apparatus and probing at 706 nm for the EN radical cation
we observed only very small 'prompt' absorptions (*- 10-1) which were not sensitive
to the concentration of oxygen. This agrees with our nanosecond photolysis
measurements where we also were unable to detect significant absorption in the
680-720nm region following excitation into the CT band using either solvent.
However these observations contrast with the report by Kristiansen et al (1991) who
detected the l-methylnaphthalene radical cation in acetonitrile following CT excitation.
Unfortunately no details concerning the amounts of radical cation so produced were
given. Thus it is difficult to compare results.

The varying efficiencies of triplet state formation (017) as a function of solvent is
apparent from the traces shown in figure 3. The triplet yield determinations derived
exclusively from the picosecond pump-probe measurements of optically matched
solutions are 0,40 and 0,80 in acetonitrile and cyclohexane respectively. We have
dcterminedf' for EN in acetonitrile and cyclohexane using triplet ketones as triplet
energy donors and the values we obtained were 0,51 and 0,86 respectively. The value
of the product f 'rT that is equal to the amount of singlct oxygen production.
which would be expected following excitation to the charge transfer state on the basis
of the observed yield of triplet state production, equals 0,20 and 069 in acetonitrile
and cyclohexane respectively, which is not equal to our measured values of 0`
particularly in acetonitrile, Thus more singlet oxygen is produced from the chargc
transfer state than can be accounted for from the amount of triplet state produced.
Another interesting feature of the data is the large solvent dependence of 4'1. Thus
in cyclohexane the triplet state production from the charge transfer state is very
efficient (- 80%) but in acetonitrile it is dramatically reduced to only 40'%. This
difference is clearly shown in figure 3.

In a previous paper (McGarvey et al 1992) we used the Rehm-- Weller equation
(Rehm and Weller 1970), neglecting the coulombic term. and calculated the free energy
of tne relaxed charge transfer states, '(M + .O" )* to be .30kJm ol-' below the
localised triplet for EN, In acetonitrile where any coulombic correction will be small
since it has a dielectric constant of 37,5 the excited complexes "'M ..O. )* are very
likely to lie below the localised triplet and to be populated followed the formation of
'M* by energy transfer or following triplet state production following charge transfer
absorption. There is a large difference between the f• and k' values for EN in the
two solvents. In cyclohexane the values off• and kV are 0.86 and 1,6 x 10'OI mol s
respectively, whiie for acetonitrile the values are 0.1 and 3,3 x 10 1 tmol 's . These
numbers indicate that (9) is more important in acetonitrile than in cyclohexane
due to the more favourable CT interactions in the more polar solvent. It is likely
that this is due to the catalysed intersystem crossing via the triplet channel i.e.

'M* + 302 (3 M.. )* 3(M ..02- )* -- I M + .1()2, (10)

which does not produce singlet oxygen. In cyclohexane which has a dielectric constant
of 2.02 it is quite likely that the relaxed charge transfer states, 'N(M "..0• )* lie above
the localised triplet and in the absence of CT-mediated quenching the triplet channel
is impeded relative to the singlet channel because of poor Franck-Condon factors
(Gijzeman et al 1973). Thus we would expect that deactivation of the initially prepared
excited state complex to give ground state products would be faster in acetonitrile
than in cyclohexane. This means that separation of I(M,..O2)* to yield the triplet
state would be more important in cyclohexane as observed.
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Since the triplet energies of naphthalene and I-methylnaphthalene are 255 and
249kJmol-1 respectively (Murov 1973) it is likely that the energy of 3(M*.. O•)*
i.e., the complex formed by association of the triplet state of EN and singlet oxygen.
will be - 343 kJ mol-', which is slightly higher than the excitation energy used in
these experiments (338 kU mol - ). In fact, Dijkgrauf and Hoijtink (1963) have reported
a broad shoulder around 350nm in oxygenated naphthalene solutions which they
attribute to the simultaneous transition described by

M + # (11)

Thus the simplest explanation for the fact that V'ur is higher than r is that
excitation at 353 and 355 nm gives both 'M* and singlet oxygen following dissociation
of (3M*..'O,)* formed either as a result of direct absorption to this doubly excited
complex or following internal conversion from the initially formed Franck-Condon
charge transfer complex '(M '..O, )•.. In the ease of acetonitrile and cyclohexane,
respectively, this would require a quantum yield of 0.16 and 0.08 for this process in
these two solvents. The fact that several organic compounds, which have energy gaps
between their lowest singlet and triplet states greater than 94 kW mol -' give singlet
oxygen yields greater than one (Tsubomura and Mulliken 1960, Saltiel and Atwater
1988; Kanner and Foote 1992) when excited into their lowest singlet excited states,
demonstrates that this doubly excited state dissociates to give both the triplet state
and singlet oxygen when it is populated in the case of many other compounds.

4. Conclusions

We have shown how fluorescence quenching measurements combined with singlet
oxygen yield measurements can be used to obtain values of /" and fA, the fractions

of singlet oxygen formed for oxygen quenching of excited singlet and excited triplet
states, respectively. The values of.f' for anthracene and 9. 10-dicyanoanthracene are
O and 0-95 ± 0.05 respectively. Unfortunately there are very few .1' values in the
literature (see Saltiel and Atwater 1988 and Wilkinson et at 1993 and references
therein). Thus it is difficult at present to speculate on the reasons for observed
variations in fs. By contrast, many authors have obtained values for .' and recent
measurements by ourselves (McGarvey et at 1992) have indicated the important role
charge transfer interactions play in increasing the probability of quenching by pathways
which do not lead to energy transfer. We have used picosecond pump probe techniques
following exclusive direct excitation of charge transfer complexes of I-ethylnaph-
thalene¢!O, to probe the fate of excited charge transfer complexes. We observe a
prompt production of the triplet state is less than 5 picoseconds. We have shown
that the quantum yields of prompt triplet states produced are 0.4 and 0.8 in acetonitrile
and cyclohexane. respectively, i.e. we have shown that the value is strongly dependent
on the polarity of the solvent. The quantum yield of singlet oxygen production
following charge transfer excitation is also solvent dependent; however, the values
obtained for 01 are 0.36 and 0.78 which are greater than one would expect on the
basis of the measured triplet yields. We suggest that the excited charge transfer
complex can dissociate to give both triplet states and singlet oxygen immediately
following excitation.
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First photothermal deflection spectroscopy set-up in Egypt
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Abstract. We have succeeded in carrying out somec ultra-sensitive photothermal experiments.
using photathermal deflection spectro'scopy (PDS) (or mirage effect). We have also employed
the PDS technique to study the opttical and thermal properties of solid/auir interfacecs. The
experimental set-up of the transverse PDS has bein described.

The experimental results show that there is an expionential decay in PD signal. with
incr-ase in the chopper frcq,;cncy as well as with an increase of the plivic difference. The
PD signal de-reases with incerasing the probe beam normal offset to allow us in calcula!tc
the thermal diffusion length of .iie deflection medium (air in our case). We determined the
thermal diffusi-mnof air to be = 0143 mm at the chopper frequency 50 HL. which is in agireemtit
with published values. Fu~ther. we employed the PD tech~nique to obtain the spectra for
two dyes [Rhodamine 6G (Rh6G) and Crystal Violet IC'V)j] of different Optical absorption
structures. The PDS shows t good resolution of the peaks of CV which are hardly separated
in optic.j' absorption mea3ur,-mcnts.

Finally, a comparison of the pl-otoacoustic spectra (PAS) of the two dyes was carried
out. which showed that Pt)S has netter spatial spectral resolution.

Keywords. Photothermal deflection spectroscopy: properties of solid/air interfacesý optical
absoeptiotý.

I. Irttr--Iuction

Absorption spectro~scopy is normally carriec out tisdiyuctly through measuretncnt of
the incident, reflt~cte'1 and/or transmnitted intensities, from whit~h one can determline
the absorbed intensity. Among the rtincipal techniques lo measure absorption directly
arc the photothurmal deflection (P1)) and photcacoustic (P5A) spectroscopics. Both
spectroscopies mc'isre the heat deposited in the material due to the absorption of
pho~ons, ehthe it -r cWally in thc case of PD or acoustically in the case of PA. It is
well known that upon the absor' tion of lcitcrom;'gnetic radiation by a given medium,
a fracticonr -,r all the excitation energy is converte(4 into thermal energy through
de-excitation processir. This de-excitation mechani-.n has provided the physical
basis to, (he highly sensitive PD spectroscopy. This technique was first introduced
in 1 980 by Soccara ef al (1980) and subsequently developed by Aamodt and Murphy
(1981) and by Jackson .,t ali(1981). I'D spectroscopy is a powerful and novel experimental
mn-iiiod in which the ah,,orption coefficient of the sample is deduced from the
measure-nenti of the therma,:l gradient in the gas layer adjacent to the sample surface.
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In this method, the sample is illuminated with a chopped monochromatic light "pump
beam" and, when the sample absorbs any of the energy incident on it, some of the
energy levels in the sample are excited and subsequently these energy levels must be
de-excited. The most common mode of de-excitation is through the non-radiative or
heating mode and thus the optical excitation of the sample results in a periodic heat
flow from the sample to the surrounding media. This, in turn, results in a corresponding
change in the index of refraction. By probing this variation of the refractive index
by a second weak "probe beam", it experiences a periodic deflection synchronous
with the intensity modulation. The amplitude and phase of the periodic deflection
of the probe beam can be measured with a position sensor. This deflection is directly
related to the optical absorption of the sample as will be shown in the next section.
The positioning of the probe beam with respect to the pump beam allows for two
choices in performing PDS: collinear configuration, where the gradient of the index
of refraction is both created and probed within the sample, and transverse configuration,
ir, which the index of refraction is accomplished in a thin layer adjacent to the sample
surface. The latter is the case that will be discussed in this work. The photothermal
technique has many advantages:

(1) The technique could be employed for samples whose optical absorptions are difficult
to obtain directly, e.g. powdered samples, as also for samples that are completely
opaque to transmitted light.
(2) It ai.-o incorporates the thermal properties of the sample and its surroundings,
hence, this property, like thermal diffutivity and conductivity, could be determined.
(3) It is an ultra-high sensitive method for probing the thermal properties of matter.
The temperature rise associated with this process is of the order of 103 -10 4 'C. The
technique is easily used for absorption detection.
(4) It surmounts the limitation of PA (where the sample has to be enclosed in a PA
cell) and measurements may often be made in open sample configuration with sub-
stantial reduction in experimental complexity.
(5) Acoustic shielding requirements are less stringent.
t6) There is also no background due to window absorption.
(7) PD works in hostile environments such as at extreme temperatures or in caustic
substances.

Because of the above advat~tages, f')r the uqe of PDS and our ex.xrience in PAS,
it was decided to construct a set-up 'or PDS (according to Fournier and Boccara)
(Boccara et al 1980) measurements in air, in an on-going project to study materials
whose optical absorptions are normally difficult to obtain.

In this vaper, we present our initial results using the PDS set-up to dctermine the
optical absorption of dye lasers in powder form and to compare the obtained spectra
witi those obtained using PAS.

2. Theory

In arc *o correlate the deflection signal to proccsses occurring at the sample surface,
it is nmcessary to determine: (i) The temperature distribution T in the sample and
the surrounding media as a function of position and time; (2) the optical beam pro-
pagation through the non-homogeneous medium; (3) the relation between the deflection
and the output voltage of the position sensor.
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Figure 1. Geometry of the thermal field evaluation (transverse PDS).

2.1 Temperature distribution in the sample and the surrounding media

Consider the geometry as shown in figure 1; the sample is placed on a backing
material and surrounded by a fluid (air in our case). The boundary planes are asssumed
to be parallel and infinitely extended in the radial direction. The sample is illuminated
perrendicularly by a modulated laser beam or a lamp as we have used in our work.
Assume that both the gas and the backing material are optically non-absorbing
media. The absorbed radiation heats the sample and diffuses through the gas-sample
and the backing material. The time dependent a.c. component of the temperature T
satisfies the ,quations (Salazar et al 1989),

V2 T, -(l/K,)(0Ti0t) = 0, for gas, (Ia)

V2 T, - (1/K.)(OT,/lat) = - (Q(r, t)/k,), for sample, (I b)

V2 Tb -(I /Kb) (D Tb/ot) = 0, for backing, (Ic)

subject to the following boundary condition.

Ii) Temperature continuity at the sample surface:

T. =-- T'I•, & TI:_ -= Tbl=. , (2a)

(ii) Heat flow continuity at the sample surface:

k T 'T & k9T' - T- b (2b)

where I is the sample thickness. k,0 is the thermal conductivity of the material (i)
(calicms°C), p(,) the density of the material (i) (g/cm3 ), c1 ) the specific heat of the
material (i) (cal/g 'C), and K = k, 1/p(f)',(l), the thermal diffusivity of material (i). (i)
can hawe subscripts s, g, b. representing sample, gas and backing material (Rossencwaig
and Gersho 1976). Q(r.t) is the heat deposited per unit volume oscillating with
frequency v) and can be given by:

Q(r, r) (Po a/na2 ) exp(az) exp(- r2 /a2 )1exp(iot), (3)

where Po is the power of the exciting beam, a is the optical absorption coefficient of
the sample and a is the beam radius defined at lI/e of the intensity.
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The set of equations (I). with initial conditions (2), has been solved using the method
of separation of variables in cylindrical geometry. The solutions are

T,(r,z) = 6J, (6r) EI6)exp(- f1,z)exp(iwti)d, (4)

T,(r, -, i) = 1 6d6JO(6r)[F(6)exp(az) + A(6)exp(fl,z)

+ B(6)exp(- J, z)]exp(iwt), (5)

Tb(r, z, t) = } 6Jo(6r)D(6)exp(f#,(I + z))exp(iwot)d6, (6)

where Pi' = 6'+ (iw/K,) (i =gs, b) is the relation between the separation constants,
and J, is the Bcsscl function of zero order and we have:

A(6) = - [r(6)/H(6)] [(I - g)(b - P)exp(- ox/) + (I + b)(g + P)exp(#.0O],

(7)

B(6) = - [F(5)/H(6)] [(I + g)(b - P)cxp(- a•)

+(0 - b)(g- P)exp(- f&1,1)], (8)

D(6) = F(6)exp( - oc) + A(6)exp(- flI) + B(0)exp(fI), (9)

E() = 1(6) + A (6) + B(6), (10)

H(6) =( + g)(1 + b)cxp(fl/) - (l -g)(l - b)exp(- flj). (1I)

q (klk/k,1kj,, (12)

b (khfih/k, I.,). (13)

-1'= 12,4 ). (14)

The physical interpretation of (4). (5) and (6) is that any temperAture distribution
can be decomposed into distribution of the form of

J,,(Jr)exp( - fi,-).

The distributions act independently of each other and have an effective thermal

length given by

1, ( /.1,/ ,)) ., (K• + 9 )1, 1

The case of 6 - 0 and i,,Jih can be expanded to real and imaginary parts. Then
Jý = (I + i)(w/2ki)1, 2. which is the one-dimensional solution given by Rossencwaig and
Gersho (1976). 6 can then be expressed as a parameter to show how the heat is
diffused in directions other than the z-direction.

2.2 Temperature distribution finr transverse PDS

ror transverse PDS, the probe beam propagates completely within the gas. The
material is divided into two classes according to the optical absorption coefficient
(Salazar et ul 1989)
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2.1a Optically opaque solids (ad>> 1): In these materials the optical length (*a - 1/a)
is much smaller than the sample thickness I and (4) Ts can be expressed as:

T8(r,7) = P1'- Io 6J 0 (6r)exp(- 6'a2/4).. (1 + exp(- 2P.
2 27rk. j00  P. I - exp(- 2Plý

exp( - Isz)db. (15)

2.2b Optically transparent solids (ul << 1): The optical absorption length of these
materials is much greater than the sample thickness and the temperature distribution
in the gas is given by (Saiazar et al 1989)

T(z)' Z) Po J(b)exp(- (52 14).01 exp(- iz)db. (16)2i~rk, fo"' fJ(l'xp- i,

2.3 Optical beam deflection for transverse PDS

[it the case of tiansverse PDS, the probe beam is directed parallel to and grazing the
sample surface through the gas and is deflected by an amount (Salazar et al 1989)

S= (ln)(dn/dT) f V. T. x dS, (17)

where n is the gas refractive index and S is the ray path, see figure 2 where the x-axis
is the probe beam direction. There are two components of the probe beam deflection:
the transverse component 0, and the normal component (,h, where

= - (l/n)(dn/d T) f (aTs/ay)dx ,, (18)

(I/n)(dn/dT) (a (aT/oz)dx J. (19)

Exmiting bourn

Filpre 2. Geometry for the "mirage" deflection. The probe beam has a transverse offset
y. and a normal offset zo.
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Using (4) for T, and taking into consideration the integral transform relation
(Murphy and Aamodt !980) one can write:

=,(I /n)(dn/dT) 8 sin(6y)E(6)exp(- Psz)exp(ilt) dS k, (20)

= (I /n)(dn/d T) fl cos(6y) E(6) exp( - ,,z) exp(i(wt) d6 J. (21)

and by classifying the material into two parts we get the following relations.

2.3a For optically opaque solids:

I= - --P -exp(iOt) ti sin(6y) exp(- Pa"/4)
ndT2nk. ,

I (l + exp(- 2PI) ) exp(-fiz)db (22a)

I dn Po. exp(iwt) I ,fcos(6y)exp(- a2a2/4)
n d7 2nk, f0

1 / l-exp(-2fl)4 ,) (22b)
-1 \I-exp(- 2#,4/ex(-15zd

2.3b For optically transparent solids:

Ildn P,
SndT2nk. exp(iwttl 6 sinO6y)exp( 62U02.14). exp(- f1z)d6 R,

(23a)

= dn P,) exp(ictl) flcos(by)exp(- 62a2/4) 1 exp(- i,z)d6 J,
ndT2nkk, E13

(23b)

where Po is the pump beam power, z is the normal offset, y is the transverse offset.
The above two equations show that the deflection is proportional to the power of
the pump beam and exponentially decays with the modulation frequency.

2.4 The relation between the deflection and the output voltage of the position sensor

The deflection of the beam due to the change in the index of refraction of the medium
adjacent to the sample is detected by the position sensor with converts the deflection
into an output voltage. The change of the signal Al' above the d.c. It;'Il is colc,.ILted
as shown in figure 3. Assuming a Gaussian probe beam

Al' _2 - 4 ,rk(• 4 Ax
AV = -- 4 Ax 24Xp(- 2. /W)dr = 2 4. A-, (24)

since €d - Ax, where d is the distance frons the fwal soot of the pzobe beam to tue
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Figur 3. Pro nthe dtPeO or.

1/

Figure 3. Probe beam ont the detector.

detector, 1, is the probe beam intensity, and co, is the radius of the spot on the detector.

(J)2 - )d/(I[orno),

where wo is the probe beam radius at the focal spot. Hence,

AV = [4/(2n)" 2] O(nwowon/)) V. (25)

This equation shows that the output signal is independent of the distance between
the sample and the detector for modulation frequency of the order of few hundred
cycles per second.

3. Experimentai procedure

We have carried out the transverse (PD) technique (Jackson et at 1981), in our work
here. The set-up is shown in figure 4. A 1000 W tungsten-halogen lamp is used, with its
housing cooled by water circulation and small air fan. The light from the lamp is
focussed by a glass lens LI into the entrance slit of the monochromator (Carl Zeiss
Jena. 287804) to provide a tunable light source. A mechanical chopper (variable speed)
[15Hz-lOkHz light chopper, Noise Interference Type Boston Electronic (617)
566-382] is located in front of the entrance slit of the monochromator. Its purpose
is to cho, (imterrupt) the light beam and to provide the reference signal for detection,
The monowhromator is motorized to allow for accurate scan of the wavelength. The
output light was focussed on the sample by using camera lens L2 . An He--Ne laser
(high pointing stabl'ty 05 mW ler uniphase 1101 power supply Model 1201 (408)
434- i800) with output wavelength 6328 A served as the optical probe beam. This
beam is focussed by a convex lenr L, with focal length 10cm. The deflection of the
probe was monitored by a position scesor (split photo diode) detector low noise
preamplifier Ithaco Mcdel 1202(607) 272-7640 at 60cm from the sample. The output
of the positioti sensor amplifier was fed into a synchro-He4 iock-in amplifier (Princeton
Applied Research Model 186A) (Murphy and Aamodt 1980).
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oanx yreoder oa computer.

Deltector

Figure 4. Exse romnntal smt-up of the transvars d (PDS) t tchnique.

The square-wave output signal generated by the chopper is applied to the reference
signal input of the lock-in amplifier. The output from the lock-in amplifier is connected
to an x - y recorder or a personal computer. In order to isolate the set-up from
possible laboratory vibrations that can prove to have a very destructive effect on the
PDS signal, a specially designed sand box was used to avoid these vibrations. The

PDS components were ald to se a heavy iron plate that was placed on the sand
box. This design was very effective in reducing possible vibrations leading to a noisy
signal. Under these conditionst maximum deflection and good transverse resolution
acrlso the heated region were achieved.

4. Results and discussions

4.1 aehe dependence thoy the amplitude and the phakse on the signal on the chapper
frequency at constant value of the normal offset zo

To check the correspondence of the change of the signal amplitude and phase with
the chopper frequency, and of see how it follows the theorys the dependence of the
amplitude and the phase of the signal were dehrmied as the frequency of the chopper
was changed (at constant value of normal offset z,,). The experimental results of PD
signal of the carbon black sample versus the chupper frequency (cull are shown in
figure 5. The plots show that the PaD signal amplitude falls off as l/vo. This is in
agreement with theory, (22), and the literatux: (Jackson et al 1981). This result was
repeated for three values of the probe beam offset z,. Further, by comparing these
results for the three normal offset values of z., one ca i see that the signal amplitude
decreases as the probe beam offset increases. From both these observations, one can
conclude that there is a strong dependence of the signal on the modulated frequency
and also on the probe beam offset z, as indicated by theory (Aamadt and Murphy
198 1). Since the main source of the PD signal i the sample surface tsperature, each
component (spatial frequency) has different effective thermal diffusion length. The
high spatial terms contribute to the rapidly varying temperature proWe, while the low
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Figure 5. The transverse PDS vs. the chopper frequency at probe beam normal offset
:,, = 250 om (a). 5(X) im (b). 750 jim (C).

spatial frequency terms determine. slowly varying coarser feature. Since the thermal
diffusion length is a measure of how . -!at diffusing from a heat source can travel and
remain coherent with the excitation source modulation, and since each spectral
component has its own effective thermal diffusion length, the sample volume contributing
to the surface temperature will be different for each ctmponent. Since/,, = (2k/(,))"•2
where p, is the thermal diffusion length of material i. for high modulation frequency
the thermal diffusion length of the sample will be small and the contribution comes
only from a small volume. On the other hand, for low spatial frequency, /, is larger
and the contribution comes from a big volume, thus the coarser features are determined.
Figure 6 shows the increase in the phase difference of the PDS signal as the chopping
frequency increases. The phase difference is a function of the diffusion length of the
sample, and it indicates that there is a time delay between the excitation of the sample
and subsequent deflection of the beam.

4.2 The dependence of' the signal on the normal offset zo at constant modulation
frequency

In this part, as can be seen from figure 7, the effect on the PDS signal of varying the
value of the normal probe beam offset zo. In this case again, the sample was standard
Carbon Black sample. There is an exponential increase of the signal as the probe
beam approaches the sample surface. The exponential dependence which is illustrated
in (22a) where 0 x exp(- z,/11) and 1, = (2k,/)o)"2 . We can see that there is also a
strong dependence of the PDS signal on the probe beam offset z0 . The exponential
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decrease of the signal with the increasing values of zo can be used to determine the
diffusivity of the deflecting medium (air). By taking the logarithm of both sides of
(x exp(- z0 /)I) we get

In -- k - (w/2k,)112 Z0 ,

which is a straight line whose slope is (co/2k,)112 ; this gives the value of the thermal
diffusion length (Ir) of the air to be - 0438 mm at 50 Hz. This is in agreement with
the published value given by Boccara et al (1983).

4.3 Spectral results

We also employed the PD technique to investigate photothermal signal resolution
of the absorption bands of two dyes with diffrine absorption bands. These dyes are:
Rhodamine 6G (Rh6G) and Crystal Violet (CV) which has ..:.'o overlapping bands
at 550nm and 580nm which could hardly be separated optically. The normalized
PD spectra of the two dyes are shown in figure 8. One can obser 'e from the figures
that the PDS spectrum for Rh6G exhibits a peak at - 530 nm while in the case of CV
it shows a peak at - 560 nm.

As mentioned earlier, the transverse PDS has spatial resolution on the sample
surface. We have measured three spectra for Crystal Violet dye (CV) at different
values of the probe beam normal offset zo. These spectra arc shown in figure 9. It
can be seen from the figures that for large values of z, the spectrum is wide and

30

(a) '.e(b)
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FIiure &. The normalized PD spectra or Rh6G (a) and CV (as powder) (b) at chopper
frequency 14 Hz.
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Filum 9. The normalized spectra of CV at chopper frequency 14Hz. The probe beam
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Figure 10. Normahzcd PAS of Rh6CI (solid) at Figure 11, Normalized PAS (f CV {solid) at
chopper frequency 14 Hz. chopper frequency 14Hz.

smooth and there is a complete masking of the much sharper peaks of CV. This is
because at large values of z,, (:, = 175 pm), the observed spectrum is a collection of
the average values of the contributions of all points of the inhomogeneous sample
surface. For the smaller value of :o we can see that the spectrum is much narrower
and noiser. The two peaks, seen at wavelengths 550 and 580nm. became regular. For
the smallest value of z, used (85 pm), the two peaks become very narrow and are
well-resolved. This shows that the PDS has much better resolution than regular
optical absorption. Using PDS we are able to resolve the two peaks that normally
overlap.

4.4 Compari.son with photoacoustic spectroscopy

Since PDS and PA detection provide similar experimental information, a comparison
of these two methods is of interest. We compared our experimental PD spectra with
the PA spectra for the same two dye materials (Rh6G and CV). The figures 10, II
show the normalized PA spectra of the two dyes. We observe from these figures and
from figure 8 that the PA spectra of both Rh6G and CV are broader and form
smoother bands than that of the corresponding PD spectra even at large values of
the probe beam offset z,.
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5. Conclusion

As we have seen, we have succeeded in designing, building and calibrating a complete
set-up for a newly developed spectroscopic technique in our laboratory in Egypt,
namely Transverse Photothermal Deflection Spectroscopy. Though the technique
seemed at times during development to be hard, difficult and prone to noise caused
by vibration, particularly at the point of detection, the ease of application of the
technique to the study of both the thermal and optical properties for solid interfaces
finally justified such efforts.

We have also carried out a comparative study of the PDS and the photoacoustic
PA spectra for the two dyes (Rh6G and CV) under the same conditions. The PD
spectra were recorded at different normal offset distances from the samples and then
compared to the PA spectra which showed that PDS was able to resolve the two
peaks of CV, which are hardly resolved by either optical or PA measurements. The
PDS proved to be superior to the PA due to its higher capability in spatial and
spectral resolutions. These are initial results and we plan future work along these lines.
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Pulsed-laser ablation and deposition of superconducting
BiSrCaCuO thin films
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Abstract. The present work reports some results obtained using the laser p",pmlion
technique to produce superconducting thin films. In situ analysis of transients fornmcd in the
plume and surface diagnostics of deposited Bi.Sr-Ca.Cu-O IBS(CCOI thin filmis have heCen
performed. It has been ascertained that mixed-oxide cluster ions are produced in the plume.
together with neutral and innized atoms of the constituent material. The effect if annealing

parameters on the structure and quality of pellets and deposited thin film% of HS((CO tic
reported and discussed.

Keywords. Pulsed.laser ablation; BiSrCaCuO thin films; thin-film deposition, super-

conducting thin films.

1. Introduction

The discovery of a superconducting phase in LaBaCuO compounds constituted a
breakthrough in the search for superconducting materials with high transition tem-
peratures (Bednorz and Muller 1986). The worldwide effort has lead to the production
of a number of superconductors mainly formed of ceramic composite materials, whose
common structural feature is the presence of CuO2 planes in which the copper atoms
form a square lattice with the oxygen placed between nearest-neighbour copper atoms
(Maeda et al 1988). The production of high-quality powder and superconducting thin
films from these materials is very important for practical applications as well as for
basic studies. The fabrication of high-quality thin films by the pulsed -laser deposilton
technique (PLD), successfully demonstrated in the late eighties (Venkatesan et at 19)88),
has recently experienced an explosive growth (Beech and Boyd 1992). The advantage
of this technique over other deposition methods such as sputtering or molecular
beam epitaxy. is the simplicity of the deposition scheme, since thi laser source is
placed outside the vacuum deposition chamber. Laser rays enter through a window
into a vacuum chamber and impinge on the material to he deposited, Laser removal
of matter produces a plume in which electrons, ions and neutral species are present
The ablated material can be collected on a substrate placed at a suitable distance.
After appropriate heat treatment. the thin films deposited (of BSC(() materiall
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el at 1989). On the holder, different substrates glued by silver paint can be positioned
in front of the target, at a distance of 2-5cm. Thin films were deposited on SrTiO3
fl100) or MgO 12001 substrates by laser ablation of sintered BS(C('O pellets obtained
by calcining mixtures of BM2 01, CaCO,. SrC0 and CuO. doped with lead in some
cases. Initial attempts to form the supcrconducting phases, although following the
standard fabrication route of smnterng in air at 845 C after repeated cycles of grinding
and peiletizng. failed to obtain good quality pellets. This could be attnbuted to

.egreaption (4 molten miterial dunng the calcination stage. Tb. effects of the calcination
and ,mnterng lime in the furnace are shown, as an example. in igures 2 and 3. where
the temperature dependence of electric resistivity and X-ray diffraction spectra of two
typical iampk- are rept)rted

3. RnWk amid dhelwism

rhe data show that superc.onducting phases arc obtained after c Ionger %intering
timc (figure 2) The X-ray diffraction pattern confirms this behaviour In fact. at a
longer sinterng time (100 hl the 4 X peak related to te 2223 phase increases with
respiec to the 5 7 peak related to the 2212 phase (Hitoshi es a/ 19KNI The r,;-scn•c
of both these peaks indicates that multliphasc pellets arc formed Thin-film deposit,
were produced by laser ablation of multlphase superconducting pellets A deox).jtion
rate of 0-19mm-s has been measured. The thickness of thin films. measured with an
z-siep profilomet'r. was typically I jim after 2 hours of irradiation. The deposited
films were anncaled in air in the temperature range between 841) and 8H1O (C for
different durations. Analysis of standard pellets and the thin films produced either".as deposited" or after anncating was performed by scanning electron microscop.
(SEMI, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction XPS surface
analysis of films deposited by a superconducting target confirmed the presence of all
the constituent elements. Moreover, the analysis of the Cu,, region of the target and
deposited film showed that the copper valence is restored after the annealing treatment
in the presence of oxygen (Giardini Guidoni ert at 1990). Annealing duration and
temperature affect the quality of the deposited thin films. In table I results obtained
on some sai,ples originating from a superconducting BSCC() target in different
annealing conditions are reported. Resistance vs temperature characteristics of the
samples of table I are plotted in figure 4.

It can be seen that a long annealing time (sample a) appears to deteriorate the
quality of the film. A higher annealing temperature produces similar behaviour
(sample b). as can be observed in the resistance measurements. X-ray diffraction

Table 1. Results obtained on samples under different annealing conditions

IDeposition (time) Annealing
Sample (hW 7TiKI temperature Annealing time Predominant phase

a 1 45 K55 12h 2212
b 3 65 1W0 12h 2201
c 3 65 855 6h 2212
d 2 73 855 2h 2212
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patterns of the samples. not reported here for the sake of brevity, were performed
by a Siemens diffractometer DSMKOM and by a high-resolution powder diffractometer
mounted on a beam line of the Adone storage ring (Burattini et al 1992y

In these spectra, pepks were observed at 20• = 547 , 291 and 3.5 These pcaks
are considered to correspond to (001) %eries of unit cell with its long axis perpendicular
to the substrate. The observed peaks are related to the 2:2:1:2 phase ('Tc = 85 K).
However. the spectra indicate that the films are polycrystalline with only a slight
preferential c-axis orientation of the grains. When the BSCCO thin film was annealed
near its melting point. 880' C. the presence of the 20 = 7-2 and 219 peaks indicated
a phase change from 2:2:1:2 to 2:2:0:1. Figure S shows the total extei nal reflection
of nonsuperconducting and superconducting thin films obtained by sinchrotron
radiation at the Adone storage ring in the range (01 --I" (20).
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These measurements will permit some ieformation to be obtained on the physical
properties of the thin films, such as refractive index, density and thickness. In
conclusion, the present investigation clearly demonstrates that the plume of
evaporated material is mainly formed by atoms, ions and a few oxide clusters. Its
composition does not always appear to be representative of target composition.
however, the net result of deposition is stoichiometric. To obtain high-quality thin
films, not only a suitable target but also a good choice of post-annealing treatment
is required.
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Laser ablation of inorganic and organic materials
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Abstract. An intense Fhoton flux impinging on a solid target induces the ejection of material.
In a dynamic regimec. the cloud may be collected on an appropriate substrate to provide
the growth of solid films. Thin layer deposition of refractory semi-conductor materials, high
T, superconductors and diamond-like (DLC) films have been obtained by pulsed laser
evaporation of suitable targets. The plume which is explosively emitted from the target is
formed of atoms, ions. molecules and clusters. A study of laaer-induced products of various
solid targets by time-of-flight mnas~s spreirometry and luminesceiice analysis has shown %tome
of the chemical pathways which follow laser evaporation and lead to nucleation and growth
processes for thin film formation. Simple and c;omplex oxides, carbon with metals, and finally
graphite or orlianic compounds. arc the materialK employed ats sources tit grows thin film
depo~sitx The reacto ity oif oxide ions formed by ablation of mixtures oif simple oXides ha%
bee-n insestigated Metal oxidec rcduction during laser ablation anti rectinon with graphite
'.ields carbide cluster ions prefiguring the structure of %olul carhide lattice% Laser iihlation
of a numbrnt of orfianic materials has been insestigiried it, eticrmine the effectiveness 4 l
*h-ew targets in ihi for mation of DLUt filmns

Keywords. Laser,_ .t la itonii duster%. ibin, fuln dep'iosini

Laser-induced ablation, also denoted as laser sputtering. descrihes the process of
material removal under- the actionl of short high intensity lawcr pulsim. The c-xtremcly
high power density that can he obtained by a sharply focused pulsed lase-r make% it
possible to evaporate , irtually every material. Ruby laser.% (694 nml and Nd. YA(i
lasers (Aý = 266,355,532.,1064 nni) have all been used to vaporize a varielty of ma terial
from rubbeito1 platinum it) tungsten.

There are excellent reviews on this subject (Novak et at 19' . Srnnivasan and
Brazen 1989), so that this report will contcentrate mostly, but tiot exclusively. on
studies carried out in the photochenmistry laboratory at the Univeriity of Rome and
will he related mainly with the chemical arid physical aspects of tIN% phc-noniciiOtt

2. Lawe mdli Weierwcil

In the first age, only the thermal effect of the coherent radiation was taken into
account to model the energy conversion concerning laser-material interaction with

*For correspondence
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Table 1. lhernial vs ric-thermal processes.

PholothermuI
Vecrt lo1w laser power: below l0' W;cm-'
Heated surface
Thermal election or volatile species

La% la.ser power: from 100 M W/cm'
Long wavelengths OIR)
Long pulselerollhs ;? lOns
Lack of photoionization, electron impact ionization.

removal of isolated atoms. molecules (neutral)
I'hnorchemical
Moderafe laser povcr-r from 2M5 to A00 MW cm'
Short wavelength.,
Short pulsclengthb

(Multiphoton ionwtiiiofl within the plume)
Hifih lasNer ponver - 5(M MWW cm'
Short wavelengths
Short pulselcngths

(inelastic photon-electron lossi
tg' i-vj~h laser power -' ýMiMWm' n
Vaporization atomnizatioti
The plume hecurnes in opaque pluii1i.i

solids With the advent of suitable Q-switched pulsed lasers.. delivering hig~ti powher
laser pulses (short duration in thernanosecond range) the interaction was alsocdescribed
by photochemical models. Table I shows results for thermal and noti-thermial
processes on varying the laser chatracterist ics (Srinivasmi 19X6, Dl~kkamnp et al 11487.
Kupcr and Stuke 1987) Photochermal laser ablation concerns the fundamental
mechanism of tnteraction between laser rays and the stulid. and the time scale for the
thermal itat ion of the excitatton energy If laser ablation is thermally activated. it Lan
he described by the temperature and total energy change- Photochemical laser ahlation
i% determined by the degree of %elective excitation. In other words, thermal ablation
refers to at mechanism in % hich phonons generated as at result of rion -rad tittlve
transition or of electron-lattice interact ion% are accumnulated leading to pairtial
emiSsion Of material hy vibrational motion In elect ronically induced laser ablation.
an accumiulation of electronic ewitaliOti leads directly to bond breaking.

3. Amtallyuis of laset.Iidued vapoor piwme

t~he luminous ejection of neutral and charged particle% formed by the laser interaction
with a solid surface, the so-called plume. is schematically shown tn figure 1. The
plume (if evaporated material is cone-shapcd. characterized by a highly forward
peaked distribution of thc components of the target. This distribution is cosae with
I - n -12. where the anile is measured with respect to the target normal (Kelly and
Rothenberg 1985; Singh and Narayan 1990). This is in contrast to what one expects
from a purely thermal expanslon characterized by a cosn distribution of the first
order. This angular distribution indicates that material removal is a combination of
different mechanisms. In addition to a change in angular distribution there is also a
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Solid tarvet

Ref lec ted

- Loses beam

Solid target Trarmnaient window

- - Laser beam

ITorward olume

lIRure I. Si.hematic t� thc plunI� formt�d by two differittit coilflgurdtioii� �ff l�i�cr-�oli�
In titrilci to o.

Table 2. Angular distribution ot componcnhs

ln�ongruent ablation
Non-stoj�hiomcirjc cotnpor.itnt� tow l�i�vr Iitcii�it
Broad distribution
Con � distribution

Congruent ablation
Stoichirneirtit itomponcttts I ugh lw�er ifltCii IIY

Forward diriteted itompootŽnt Sh�irt pul.c'
� distribution. n > I

variation an the compusition of the evapornted material as a function of the angle
of ejection. The sharp forward-peaked distribution has the same stoichinmetry as the
targct. whilc the broad distributi3n i� non-stoichiometric (table 2).

The laser energy density is critical in determining the composition of the ablated
material. High laser density and short pulse lead to stoichiometric ablation. In
constrast, the stoichiometry is not maintained at low laser density. A diflicult process
to characterize is the expansion of the plasma as it continues to interact with the
laser and the ambient. This problem is especially complex for multicomponent
material expanding into a reactive region.

Many spectroscopic techniques have been used to characterize the composition of
the evaporated material. These techniques include emission, absorption, laser-induced
fluorescence (LIFh and resonance-enhanced multiphoton ionization (REMPI). Of
thL'sc, dispersed plume emission has been used most extensively to identify species in
the vapour and it has provided much of the early plume characterization data.
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However, the emission monitors only the electronically excited species with
measurable quantum yields for fluorescence. A schematic of an apparatus to measure
luminescence from the plume is shown in figure 2 (Giardini-Guidoni and Mele 1991).
Effective particle velocity has been obtained from time dependence of the optical
emission intensity. Data have been collected on several emission lines for a variety
of neutral and ionic species. The results indicate most probable velocities of about
5 x 105 cm/s for neutral species and 2 x 106 cm/s for ions. An example of dispersed
plume emission from a superconductor is shown in figure 3.

Mass spectrometry is also largerly used to identify the species generated by the
laser target interaction: ions and neutrals. Time-of-flight measurements yield
important information on the dyaamical behaviour of the laser-produced plume. In
conclusion, the objective in making these measurements has been to describe both
temporal and angular dependence of thc desorbed species in terms of the laser and
target characteristics.

4. Cluster production and studies

Clusters can be defined as an assembly of atoms and molecules sometimes attached
to ions whose structure originates from different types of forces linking the atoms
and molecules (Giardini-Guidoni and Melt 1991). Observation of gas-phase clusters
has been made by several techniques. Among them, laser ablation proved to be quite
successful. The variety of molecules studied is enormous. It is impossible to predict
the results which are obtained, since the precise mechanism of the laser-induced plume
and the subsequent processes are not completely understood.

Figure 4 shows a schematic of the laser vaporization cluster source used for cluster
experiments. A pulsed laser is directed at the surface of a solid rod of the material
to be studied. A high density helium flow (2--3atm) over the target serves as a buffer
gas in which clusters of the target material form, thermalize to near-room temperature,
and then cool to near 0 K in the subsequent supersonic expansion. The content of
this cluster beam can be probed by matrix isolation spectroscopy or laser-induced
fluorescence, or examined by mass spectrometry of the ions formed as shown in
figure 4. In other experiments, the whole material ejected from a solid target hit by
the laser is analysed at each pulse by a time-of-flight mass spectrometer. This simple
method of laser evaporation and ionization, shown in figure 5, leads directly to the
formation of clusters with intensity and distribution which in many cases may be
compared with the results obtained by the method of evaporation and subsequent
supersonic expansion.

Vaporization
laser

moeul o TOF Amplifier Recorder
beam bIfy

Pulsed - 'hanneltronvalve

Skimmer Ionization
laser

Fir 4. Laser vaporisation cluster source combined with a schematic or the TOF mass
spectrometer.
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FIgure 5. Sampling and grid assembling for direct laser ablation and TOF mass analysis.

Table 3. Positive ions formed by liser ablation of simple oxides

Homologous series of M.O,
Oxide cluster ions nlmax) Valence Fragment ions'

ZrO, [(ZrO). 1] 5 4 Zr' (rs); ZrO" (vs
[ZrO(ZrO2),]' ZrO÷ (s)

CeO LCe(CeOO). ]' 4 4 Ce' ixto CeO ( ,)
[CCO(CeO 2 I,]"

SnO2  Sn* :Sn *; [(SnO),]* 3 2 Sn' (s.; SiO 'is)
[Sn(SnO).]*

AI2O, Al;. AlO2  2 -- AI* {vsl; AIO1
Y2O, YaO' :[(YO).(YO,)1 ],' 7 3 Y.;YO'((vs): VYO
LaO. [(LaO)(La 2O5)]' 15 3 La' (s); LaO, (VS)

MgO Mg*; Mg O:; Mg 0, 2 - Mg'(rs): MgO+
CaO Ca2 O'(vs): [(CaO),] 7 2 Ca": CaO' (t's);

[Ca(CaO)]'
Sr( L{SrO).il'; [Sr(SrO).] 7 2 Sr' (,.); SrO' (s)
BaO [(BaO).]'; [Ba(BaO),]' 3 2 Ba' (.s); ORO N(.%
SnO Sn' Sn2O '; [(SnO)]' 3 2 Sn (s); SnO' (s)

[Sn(SnO).]J
SiO Si2 0(s)' SiO2 (s) I1 4 Si'(*s); SiO* (s)

[(SIO 23.1,; [Si(SlO).]
(Si O2), ]'

GCO, Ge' (s); Ge * is) 3 2 Ge' +ps): GeO'".x)
((deo)w `"

PbO Pb2 O Pba ," J; Pb 0' 2 Pb'; PbO'; PbO'
PbOe

As2O 3  As' As' [(AsO).]' 6 2 AsO (vt)
[As(As6), *; (AsOM,. 0

BiO, Bi+ :'(BiOI 1' 4 2 Bi (I's): BiO' (I's)
[E4(BiOlI'

CuO CU; CU,0 0 I Cu'(vs); CuO"

'Ions with n h (.M; strong; lus) very strong.

Ionic clusters are formed by laser ablation of simple and complex solid oxides and
their mixtures. In table 3, the positive ions observed in the mass spectra of a few
oxides studied among others are reported (Consalvo et al 1989, Mele er al 1989).
These oxides are quite important per se and for the implications as precursors of
high temperature superconducting materials as for instance Y20 3,La 2 O3 , CaO, SrO
and CuO. From table 3 the formation of homologous sequences of cluster ions for
all oxides reported can be observed. Furthermore the mass spectrum of each oxide
shows alternation, the so-called magic numbers, that is, higher ion intensities alternate
with lower ones indicating preferred composition based on more stable structures.
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Figure 6. Positive cluster ions produced by direct laser evaporation technique of calcium
oxide

Typically the data of calcium oxide show otie series (figure 6) corresponding to the
stoichiomi.try of the solid oxide ta'get (CaO)' together with another sequence of
metal rich oxide (sequence Ca(CaO),1). This behaviour is characteristic of other
11-group oxides, Mg, Sr, Ba and of yttrium and lanthanum oxide. The intensity
anomalies .'r magic cluster numbers are easy to understand by assuming an ionic
potential (Martin 1983) between Ca" 2 and 02 ions which leads to a closed-shell
structure.

The abundance maxima observed in the series are explained as arising from the
exceptional stability of compact cubic structures that are essentially pieces of the face
centred cubic (fcc) metal oxide crystal lattice. The series corresponding to metal-rich
oxide Me(MaO), can refer to an ionic model leading to abundance maxima when n
is one less than the rnax.ma of the stoichiometric cluster. In fact, in the cubic structure
the excess electron from the extra metal atom could be localized in an anion vacancy
in the lattice analogously to a solid state F center (Giardini-Guidoni and Mele 1991).
The ions named 'fragment ions' in the table 3 are usually much more abundant than
the cluster ions. The hypothesis is that they are produced in a very hot region of the
plume by a process of fragmentation of the bulk material or of larger oxide clusters.
The nmass spectrum of figure 7 shows the sequences found by laser-evaporating Y20 3.
Complexes and mixed oxides, which are precursors of superconductors, yi-ld binary
and ternary oxide clusters. The spectra shown in figure 8 refer to ablation of mixtures
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Figure 7. Positive cluser ions produced by direct laser eaporation technique of yttrium
oxide.

of lanthanum, stror,,ium and copper oxide and of a mixture of 4 components. These
results simply prove that by ablation it is possible to produce copper-based complex
oxides. Furthermore, it has been found that in the dynamics of the process leading
to thin film deposition, the composition of the target plays an important role.

Carbon clusters have been produced by laser vaporization of a graphite rod in
helium beam and probed downstream by UV laser photoionization and time-of-flight
(TOF) mass analysis (figure 5) (Rohlfing et al 1984). Carbon cluster mass spectra
from graphite have been also studied by direct laser evaporation and TOF detection.
Both experiments, detecting positive ions, showed an even/odd intensity altertlation
among carbon clusters C. with the maximum occurring for odd n. The interpretation
proposed for this effect was based on extended Hiickel calculations which showed
for linear chains, odd clusters to be more stable than even clusters (Pitzer and Clementi
1959; Hoffmann 1966).

Carbon clusters are also formed by photodecomposition of polynuclear aromatic
hydrocarbons, As in graphite ablation, the peaks present in the mass spectra, shown
in figure 9 for chrys-ne, exhibit carbon cluster C. with n up to 600 with intensity
alternations analogous to graphite. Some magic numbers, C60, Clo related to
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fullerene structures arc also seen. It is well known that most of thesc aromatic
hydrocarbons are noxious materials. They all have strong carcinogenic action. The
use of a high power beam to decompose these materials into non-dangerous substances
has been suggested. The results of laser ablation are important for the waste ireatment
of these substances and also for DLC thin film deposition (Giardini-Guidoni el al
1989; Lineman et (at 1989).

5. Ablation and reactivity

The advent of the laser vaporization technique provides a useful mean to study
reaction kinetics of isolated atoms and clusters. Unpublished results obtained long
ago by simply laser-ablating a zirconium rod in presence of a flow of molecular
oxygen are shown in figure 10. Several zirconium oxide ions are observed in this
mass spectrum. indicating that zirconium reacts with oxygen and can make clusters
of various Zr/O ratios (Giardini-Guidoni et at 1991).

Another simple laser ablation experiment concerns reactions of metal oxides with
graphite. Ablation of a finely ground mixture of these two compounds produces
carbide cluster ions. Formation takes place through a series of chemical reactions in
the surrounding area hit by the laser beam. The scheme of these reactions is shown
in figure II together with the mass spectra of the ions produced by reactions of
lanthanum oxide and graphite (Consalvo et at 1989; Teghil et al 1990). Two extreme
cases have been observed in the formation of lanthanum carbide clusters and others.
In one case the mass spectra show the main sequence (MeC2 ), together with a carbide
cluster of a more general formula (Me.CQ)1 with a ratio of carbon to metal greater
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Figure 9. Psilive ion TOF mass spectra obtained by direct laser evaporation or a chrysene
sample (Giardini-Guidoni et al 1990).

than 2. This behaviour is probably due to the effect of the carbon atom density in
the reaction region. In the other case, the spectra contains the (MeC 2),+ sequence
together with peaks corresponding to unreacted metal oxide MeO and metal
oxicarbide MeO OC, cluster ions. The most typical trend is shown in the same
figure I1 for a 1:1 mixture of lanthanum oxide and graphite. The even-odd alternation
for these small carbide clusters may again be explained according to Clementi (Pitzer
and Clementi 1959) in terms of a simple molecular-orbital theory. Neutral and
positively charged odd species have a molecular orbital completely filled and are
more stable than the even species with only half-filled orbitals.
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Other applications of laser ablation in this field deal with the study of reactions
of metal clusters with various substances. The reactivity of clusters of metal atoms
is of interest since enhanced reaction rates and new reaction pathways may result
from unique cluster size, geometries and electronic structures, Additionally reactivity
studies on clusters may also throw some light on the nature of cluster bonding. Metal
clusters are generated by laser vaporization of a solid rod in a pulse of helium as
shown in figure 4. The clusters are then expanded into a fast flow reactor where a
pulse of reactant gas mixture crosses the metal cluster beam.

Reactions of niobium clusters with benzene derivatives and a few unsaturated
non-aromatic reagents have been investigated (Song et al 1990), Other studies concern
reactions of vanadium clusters with propene and halopropene (St. Pierre et al 1987).
New reaction pathways and chemical reactivities of metal clusters as a function of
cluster size have been determined. The reaction probability was found to depend on
the size of niobiumn clusters its well ,'s on the structure and stability of the organic
molecule. 'The importance or the changes in cluster geometry in determining both
ionization potentials and reactivity was also studied in the reactions of iron, cobalt
and nickel clusters with ammonia and water by the Riley group (Winter et at 1991).
The dependence of these properties on cluster size indicates that the clusters grow
with icosahedral packing. However, in many Lases there is not a unique structure for
a given cluster. Smalley created a sample of Nb* charged clusters and measured
how quickly they reacted with hydrogen (Cheshnowsky et al 1990). He found that
some of the clusters ignored the hydrogen altogether, while others grabbed the
hydrogen molecule whenever they came in contact with it. This difference in reactivity
was attributed to different structures. The 19 atoms in the cluster can arrange
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themselves either in an eight-sided double pyramid or in a "capped icosahedron".
The double pyramid has flat sides and a flat surface and reacts very poorly with
hydrogen molecules. The capped icosahedron has bumpy sides and many sites for
reaction with hydrogen.

Laser ablation has been applied with success to the field of" organic photochemistry.
The combination of laser ablation and TOF mass spectrometry has been used to
determine products farmed from organic compounds. The study of triazines may
typically depict chemical reactions occurring during laser ablation. Triazine molecules
strongly absorb in the UV regions 272 and 222nm with assignments .-- +n* and
I --- R* transitions. The wavelength of a frequency quadrupled Nd-YAG laser falls in
this region and therefore a photochemical process is feasible (Giardini-Guidoni et al
1989; Mele et al 1992). A schematic of the process is shown in figure 12 for a typical
triazine where two different reaction pathways have been observed for all triazines
examined. A retro Diels-Alder ring opening process and a cluster ion formation

t~~ ~ ~~ ~ ~ . . . . . . ... . . .. . . .. . . . . . . . . ... . . . . . .
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pathway lIiardini-Guidoni et fi 1991) can be scen. Aggregation occurs in the dark
region. fragmentation in the hot central zone of the plume.

6. Laer ablation and deposition

Laser ablation has received much attention in the preparation of thin film deposits.
Semiconductors, metals, superconductors and dielectric Films have been grown by a
variety of processes involving photochemical or thermal reactions induced by
pulsed-laser ablation. Although dating back to more than 20 years. this technique
only recently attracted much interest particularly in the field of high temperature
superconductors. The advantages of the pulsed-laser ablation approach for depositing
high quality thin films for electronic device applications begin with the simplicity of
the experimental setup (figure 13). All that is required is a pulsed laser, a vacuum
chamber, a heated substrate holder and a target. A copper grid and a gas nozzle can
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Figure 13. St.hematic diagram of the apparatus used in the reflected plure expermenlw,
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also be placed. A positive or negative voltage can be applied to the grid. A buffer
gas may be introduced through a gas nozzle. It has been found that for DLC deposition
the voltage plays a relevant role. It is important in these experiments that the result
of the evaporation yields a congruent deposition in terms of rate, composition.
thickness and quality. The main objective of these studies is to understand the
correlatiuii bctween t(ie target properties, the chemistry of the ablation and the
resulting microstructures of the film deposited. The measurements of space- and
time-dependent emission spectra of the species present in the plume provide a key
to understand the dynaniicý and reactivity of the ablated material in the gas phase.
It is fairly well established that the nucleation phenomena occur mainly at the edge
of the plume and heavier aggrgate, irc ;,,'med at a larger distance from the target.
These aggregates then reach the su;..i,,wtc md initiate the film growth.

High 7• thin films may be obtained fr-.,n a superconducting target and laser ablation
is thus the means to produce thin films. Deposition may also be obtained by direct
laser ablation of a stoichiometric mixture. At present it is controversial whether a
target obtained from a simple stoichiometric mixture may produce the. same high
quality superconducting material.

Thin film formation takes place through various stages. It starts with the neutral
and ionic species being deposited on a suitable substrate and it ends with the formation
of a continuous crystalline layer. It is clear that the deposition parameters play an
important role in the growing process. The nucleation frequency and the coalescence
process, the two most important processes, depend strongly on the deposition rate
and the substrate temperature. Of course thin film preparation by laser ablation is
followed by analysis of the properties of the material. In the case of superconducting
materials, scanning electron microscopy examines the morphology of the film, X-ray
diffraction determines the proper condition of epitaxial growth and finally electrical
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Figure 14. Tec'hniques used for characterisation of thin film deposits: (m) SEM micrograph
of a laser-ablated BiSrCaCuO film; (W) X-ray diffraction of a BSCCO thin film mode by
laser ablation of a BSCC sample on SrTiO3 (10O). (W) Transition resistivity curve of BS(C()
thin film deposited on SrTiO,.

resistivity provides an indication of the effectiveness of the whole ablation deposition
process. A few examples of these measurements are shown in figures 14a,b,c.

Several interesting aspects are associated with laser-ablation deposition of the
semiconductor, cadmium telluride (CdTe) (Cheung and Santur 1992). A comparison
of the mass spectra of the species from the bulk by evaporative heating and by
pulsed-laser ablation is shown in figure IS. It can be seen that while Cd ions are present
in both cases, the Te species is present in the thermal vapour obtained from the bulk
at 650'C. This fact disturbs the homoepitaxial growth kinetics of the cadmium telluride
thin film on the I1I crystallographic face. On the contrary, laser ablation provides
the proper conditions for epitaxial growth. The rapid response time in pulsed-laser
evaporation is another important factor and can be used for fast modulation of
evaporating flux intensity. Modulation time constant is an order of magnitude greater
than obtained by changing the crucible temperature in thermal evaporation, as for
example in molecular beam epitaxy. There are two ways of flux modulation. One
approach is to change laser power density, but a more practical approach is to change
the laser repetition rate as shown in figure 16. In one case, relative evaporation rate
depends exponentially on the surface temperature and its dependence on power
density is also exponential. In the second case the relationship between the evaporation
rate and the repetition rate is linear (Cheung and Santur 1992).
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Another ,cty interesting application (f laser ablation eoncerns the deposition of
dia•o•nd-like carbon J )I1() Itlins (Sato el al i98X). l)iamond is the stablest form of
carbon at high temperature and high pressure and, therefore, at first the idea was to
convert graphite directly into diamond. More recently the synthesis of metastable
diamond at low pressure was also explored. A high uctivation energy between stable
;atd nictastahic states may provide a harrier to interconversion. DLC refers to this
product which is synthesized not in the diamond stable region but under metastable
conditions, that is. in the graphite region. Various products have been utilized as
targets to deposit DI. thin films. These substances are shown in table 4. The deposited
filn exhihbted propicrtie, characteristic of DLC material, as confirmed by high
electrical resistivity, olptecal transparency in the infrared, chemical inertness and
mechanical hardness with high refractive index (Athwal et al 1992). In figure 17 plots
of the )Il.C film thi,:kness of the various substances studied as a function of the
number o• laser pulses is shown. IFrom the slope of each line, deposition rates between
3'4 to 27"4kpulse have been calculated, Deposition from graphite is much slower.
The data on the hybridization and structure of the various compounds used as target
for DLC deposition are shown in table 5. The diamond structure is also reported.
It can been seen that in moving from planar or purely aromatic structures to fullerene
or fullerene shells, the main change is due to a different carbon atom configuratior
which exhibits varying degrees of strain or a tendential C Sp2 - C sp3 hybridization.
The mechanism by which carbon atoms can rearrange themselves is not straightforward,
There is an ordering process that takes place during ablation and condensation of
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carbon vapour. Diamond stability is about only 10meV lower than that of graphite.
Laser ablation produces necessarily both (C sp. and C .sp1 configuration in different
ratios. The shock wave formed in the expansion of the vapt,ur and the high
temperature may both favour a C s.q configuration in the deposition process.

7. Conclusions

In this review, the process of laser ablation has been very briefly described. A simple
outline of the perceived mechanism in terms of energy deposition on the target,
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Figure 17, DLC film thickness versus number of laser pulses for various solid targets.

Table SI Schematic of structures and hybridization of substances used as targets for DCL
thin film deposition.

('omocund Hybridization Structure

Graphite sp, + n Hexagonal infinite sheets vdW* bonding
between sheets unsaturated terminal dangling
bonds

Aromatic p + n Planar with dangling bonds saturated by
polycyclic hydrogen atoms vdW between the planes

Iullerene bonding sp f4 n Hexagonal graphitic sheets incorporating
possibly sp3 pentagons, dangling bonds eliminated, curling

to form a ball with various degrees of strain

Carbon sp, + Rs Possibly concentric giant fullerene shells one
anions inside the other

Diamond sp
3  

Carbon atoms covalently bonded to four

others

*vdW-van der Waal
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particle ejection and plume dynamics has been presented here. Laser ablation has
tremendous exciting potential and offers many advantages over traditional methods
in a variety of fields, ranging From spectroscopy and reactivity to thin film deposition,
as seen from the few examples shown.
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Laser degradation of pollutants: Polychlorobiphenyls, triazines and
polycyclic aromatic hydrocarbons
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Abstract. Visible and UV radiations have been widely used to induce chemical tclctions
in gases, liquids and heterogeneous systems before the development of commcrcial lasers
for use in these regions. The availability of laser sources has allowed extensive studies on
chemical reactions and time-resolved techniques to investigate the mechanism ot cxcitation
and relaxation of organic molecules in gaseous and condensed phases.

A very important field recently investigated is the laser-induced decomposition of organic
molecules, present either as gas or as major constituents of or traces in solutions, with the
aim of removing toxic species from chemically hazardous wastes. An investigation of laser-
induced decomposition of important categories of pollutants such as polychlorobiphenyls.
herbicides (triazines) and polycyclic aromatic hydrocarbons will be reported here. The
experiments demonstrate the effectiveness of laser-induced techniques for the decom position
of these compounds. In most cases photorragmentation leads to the formation of non-toxic

products in very high yields.

Keywords, I aser; degradation; ablation; polychlorobiphenyl; triazine; polycyclic aromatic

hydrocarbons.

1. Introduction

In the past years there has been a very strong interest in developing new technologies
to monitor the environment and to reduce the level of pollutants. Different types of
laser sources raaging from IR to UV have been employed to induce reactions in
gases, liquids and heterogen,;ouq systems. Degradation of organic pollutants has also
been studied to determine the various products obtained by irradiation and to
establish the mechanism of the dissociation prouces Chemical reactors equipped for
irradiation of solid, liquid and gas phase systems have been built. On-line diagnostic
techniques such as laser-induced fluorescence (LIF). coherent antistokes Raman
scattering (CARS), luminescence and time-of-flight (TOF) mass spectrometry have
been developed and utilized to detect transient reaction intermediates. Final products
have been analysed by gas chromatography, HPLC and XPS spectroscopy.

This report will deal with an experimental investigation on the laser-induced
degradation of three important pollutants, namely polychlorobiphenyls (PCB),

*For correspondence
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herbicides (triazines) and polycyclic aromatic hydrocarbons (PAH). The aim of these
sitdies was to obtain a quantitative laser-induced decomposition of these compounds
by employing radiation from different lasers. Excimer lasers (;. = 308, 248 and 193 nm),
frequency quadrupled Nd-YAG laser (. = 266 nm), were utilized to remove these toxic
products and to establish the condition for drastically reducing chemical hazards, so
that tne harmless wastes can be either reused or released without danger to the
environment.

2. Polychlorobiphenyls

The molecular structures of all PCB are similar to that of diplienyl, which is known
to be formed by two phenyl rings lying in 45' rotated planes. Because of partial
conjugation between the two aromatic n systems, the biphenyl molecules show a
fairly strong x -- n* UV absorption peaked at 249 nm (Dyke et a 1.971).

The occurrence of UV absorption resonant with available excimer laser radiation
suggested the PCB photodecomposition experiments here reported. The laser irradiation
of PCBs in the liquid phase was performed by excimer lasers at 308, M4' t•e. 193 nm
with a pulse length of 10-15 ns according to the laser mixture and total pressure. A
commercial mixture of PCBs (Aroclor 1254) in n-hexanc and iii methanol were used.

Quantitative analyses of the irradiated products were carried out by means of
gas-liquid chromatography. The chromatograph had both pulsed electron capture
detector and flame ionization detector capabilities. It is worth recalling that the
electron capture detector (ECD) is sensitive only to electronegative atoms, mostly to
chlorine and other halogens and less to oxygen. The flame ionization detector (FID)
counts all the positive ions generated in the combustion of the organic molecule, i.e. it
registers peaks due to non-substituted hydrocarbons.

The energetics of the bond-breaking processes (Guggenheim and Prue 1964) which
correlate to the energy of the excimer lasers employed, strongly supports single-photon
absorption for direct dissociation of PCB. In fact the XeCI laser should induce only
dechlorination on some heavy PCB, whereas the KrF laser is erpected to break the
biphenyl bond; the complete rupture of all the aromatic rings could be achieved by
the ArF laser provided that all congeners in the mixtures absorb this radiatio-
!rrodiation of 250 jtg/ml of Aroclor 1254 in n-hexane (1 h, 2 Hz) using the XeCI (75 mo),
KrF (40 mJ) and ArF (4 mJ) lasers have fully confirmed these simple predictions. As
expected, after XeCI laser irradiation the gas chromatographic analysis (ECD detector)
showed the occur:ence of dechlorination and isomerization with disappearance of a
few heavy PCB and the formation of lighter homologues. Neither the effective des-
truction of the pollutant or complete dechlorination was achieved due to the fact
that not all the PCB in thz Aroclor 1254 mixture contribute to the UV absorption
band at 320 nm. M uch lighter species, corresponding to biphenyl and aromatic bond
rupture were produced by irradiation with the ArF laser. Nevertheless only some of
the heavy PCB congeners were dissociated and the process was ineffective for the
destruction of the whole family of pollutants. This should be related to the bad
matching between the laser emission wavelength and the overall absorption spectrum
of the mixture. Complet, destruction of the PCB was observed after irradiation of
the Aroclor 1254 with KrF accompanied by the formation of light hydrocarbons.

The data in figure I show that all PCB in Aroclor 1254 have beern completely
destroyed and no chlorinated or oxidized products are formed. The data in figure 2

IL -- ----
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Figure 1. Gias chromatogirams of 187 pil/ml Aroclor 1254 in n-hexane, measured using an
FID detector. (at) before irradiation, (b) after irradiation with a KrF laser at the same
conditions as above.

(b)

Filgue 1 Gas chromatograms of 187pgjimi Aroclor 1254 in n-hexane, measured using ECD
detector: (a) before irradiation. (b) after 60 min of irradiation, 40 mJ KrF laser at 2 Hza

confirm the complete PCB destruction, only traces of heavy species are detected
which appear to correspond to molecules containing condensed aromatic rings. Since
C-H bond rupture is the second threshold for PCB dissociation and it is also accessible

energetically, HCI should be the main chlorinated product. HCI traces were indeed
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found in the solution containing the final products after extraction with distilled
water and ion chromatography.

3. Polycyclic aromatic hydrocarbons

It is well known that many noxious organic compounds found in the ambient particulate
originate from anthropogenic sources (Hrudcy et a! 1974). The attention in environmental
research has been focussed on polycyclic aromatic hydrocarbons (PAH), which have
strong carcinogenic action. Recently, PAH have been identified in the fly ash from
municipal incinerators together with polychlorodibenzo-i:-dioxins (PCDDS) and
polychlorodibenzofurans (PCDF) which are formed by pyrolysis of polychlorobenzenes
(PCBz) and polychlorophenols (PCP) (Buser 1979).

The investigation of the ablative photodecomposition of these organic materials
has been performed with both a pulsed TEA CO 2 laser and a frequency quadrupled
Nd-YAG laser. Ablation by a CO 2 laser operating on the 10,U P20 line was performed
on a solid target irradiated at normal incidence. The ablated material originates a
luminous plume of I cm height. Emission has been collected and qualitatively analysed
as a function of wavelength by an optical multichannel anwdyser system (OMA). The
laser-ablated solid was deposited on a substrate and analysed by ESCA. ESCA
analysis of the thin film resulting from anthracene ablation is reported in figure 3 ror
the C, region. It can be seen that it qualitatively corresponds to the graphite peak
confirming that most of the ablated anthracene gives rise to carbon. The spectral
analysis of the plume by OMA shows that emission is mainly due to hydrogen and
the minor peaks are assigned to C', C2, C3 as reported in figure 4. These results,
indicate that the energy deposited in the solid by the laser initiates a process which
leads to total degradation and graphitisation of the pollutant.

Ions resulting from the ablation process by means of the Nd:YAG laser were
analysed by a time-of-flight mass spectrometer. Both positive and negative ions have
been detected and mass analysed. One striking feature of the abundances for both

BINOING ENERGY COV)

.292 -. 2.. 0.................

Cis region

z- -.:
z ...r w ." .................................... ... ....... " "

Figure 3. ESCA spectrum of a thin film deposit from anthracene ablatlon by means of
CO, laser.
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Figure 5. Mass spectra of chrysene.

positive and negative ions is the fact that at masses higher than those corresponding
to C 4 . the spectrum is the same for all the PAH studied (Linemann et al 1989; Mele
et at 1989). Similar mass spectra have been observed in laser ablation of pure graphite
(Pradel et at 1989).
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In figure 5, the mass spectrum of positive ions observed in chrysene is shown.
Although relative intensities depend on experimental conditions, some magic cluster
sizes - C6o, C70, C., have been observed in agreement with previous data (Rohifing
et al 1984), Recent results on photofragmentation of carbon cluster ions show that
in the decornposition process the C2 loss dominates. The negative ion mass spectra
indicate the presence of clusterization yielding C. cluster ions up to n = 700. At mass
lower than the parent peak, all the hydrocarbons studied show the presence of C,-
CH -.

These results strongly indicate a general tendency of aromatic compounds to
produce fragmentation. This is shown from the large number of C' ions obtained
from all hydrocarbons irradiated. The similarity of the aromatic hydrocarbons and
of graphite mass spectra supports the hypothesis that ion formation is governed by
the same mechanism which produces ablation and chemical reactions in the highly
dense cloud of material. Cluster ion formation is, therefore, the ultimate process
yielding graphitization. These results are of great relevance in the treatment of wastes
of aromatic products. The development of a large-scale plant that uses laser sources
may be particularly appropriate for this purpose.

4. Triazines

4,6-Aminosubstituted azines are commonly used as herbicides, Their classification
depends on the composition of the amino chains (R-NH-) bound to the triazine
aromatic ring and on the nature of the other substituent in position 2, which is usually
-Cl, .-O-CH3 or -S-CH 3 . In spite of their low toxicity with respect to pesticides,
their large use in agriculture makes them major pollutants in the soil and in drinking
water sources.

The electronic transitions of these molecules, the n - ni and the it -0 it*, are centred
around 272 and 222 nm respectively in pyridine; the wavelength shifts towards the
visible as the molecular complexity increases, e.g. at 323 and 372 nm in pyrazine
(Tomer et al 1988). Photoablation experiments on solid aminotriazines either under
vacuum or in the presence of a bufler gas were developed to study the mechanism
of decomposition of this important class of pollutants in an attempt to produce
non-hazardous species. Laser ablation experiments for optical diagnosis of the plume

Tilde I. Solid targets used in laser ablation experiment.

Common name IUPAC name

Cyanuric acid 2,4,6-Triazinetnol
Melamine 2,4, 6-Triamino-s-triazine

2-Chloro-4-6-diamino-s-triazine
Simazine 2.Chloro.4,6-bls(ethylamino)-s-triazine
Atrazine 2.Chloro-4.elhylamino.6-isopropylamino-s-triazine
Propazine 2.Chloro-4-6.bis(iaopropylamino)-s.triazine
Ametryne 2.Methylthio-4-.thylamino-6-isopropylamino-s-triazine
Prometryne 2.Methylthio-4.6-bis(iaopropylamino)-s-triazine
Atraton 2.Methoxy4-ethylamnino-6-isopropylaznno-s.trialne

2,6.Dlchloropyrazine
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from 4,6-aminosubstituted triazines has been performed at 308 (XeCI) nm and 248 nm
(KrF) (Mele et al 1990; Giardini-Guidoni et al 1991). Some simpler systems, belonging
to the family of melamines and pyrazines, have been also irradiated for comparison.
The compounds studied are listed in table I. The mechanism of photodecomposition
has been studied by directly detecting the ions formed by coupling a time-of-flight
mass spectrometer with a frequency quadrupled Nd:YAG laser (;.-=266nm)
(Giardini-Guidoni et al 1991).

4.1 Optical diagnosis

Laser ablation experiments of solid triazine samples have been carried out under
vacuum (10-6 torr background pressure). A luminous plume, with a bright blue-green
emission visible to the unaided eye, is seen in all UV laser ablation experiments
According to a recent classification (Ito et al 1989), the laser energy focussed on the
sample (60mJ) was in the middle fluence region (4 x 108W/cm2 ) where absorption
occurs both from the solid and the first-vaporized gas. Emission spectra of electronically
excited fragments have been detected by an Optical Multichannel Analyser as a
function of the delay from the laser pulse at different gate widths (> )00ons). Space-
resolved measurements along the luminescent plume axis have been performed by
fine adjustment of focussing and collecting optics. All emission spectra of the plume
obtained by ablation of different substituted-azines at the two wavelengths used are
quite similar. Several ions, atoms and diatomic molecular fragments in electronically
excited states have been detected. The strongest near.UIV visible emission lines arc
mostly duc to CN (violet system with tail bands, from 350 to 425 nm), C, (Swan's
system with high pressure band, from 435 nm to 565 nm), CH (4300 A system, around
431 nm), NH (3350 A system, around 336 nm), H (Balmer series) and C* (at 426.7 nm).
Overview spectra at 308 nm, showing the most intense fragment bands, arc shown
in figure 6, In ametryne and prometryne atomic sulphur emission appears near 420 nm.
In atraton atomic oxygen emission has been detected at 394.73 nm. Weak atomic
chlorine lines have been observed in all the chlorinated samples near 481 nm. The
intense CN4 band around 320nm (3185 A system at 326.33 and 318.51 nm) has been
observed at short time delay in laser ablation of 2,6-dichloropyrazine, which conversely

4000.00 C violet system

CH A-X bond

C 2' Swon's syster-n

0 00 L " ... ... , ... ... , .... -.. . 1•.

340.00 440.00 540.00 640.00
wavelength (nm)

Fi~lure6. Overview spectrum (most intense portion) during atrazine laser ablation at 308 nm
(d - 2 rm), no gate.
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Figure 7. Selected portions of optical emission spectra durng laser ablation of different
substituted triazines at 308rnm: (a) Atraton, spectra measured at different delay times from
the laser pulse (1O0 ns gate); (b) Ametryne, spectra measured at different focal distances from
the surface (no Bate).

did not show any CH emission. Highly excited atoms and ions are detected very
close to the ablated surface and at very short time delay with respect to the laser
pulse. Their lifetime, monitored by lOOns time resolution, appears to be unaffected
by the addition of a buffer gas. Emission from highly excited atomic fragments,
however, tend to be localised closer to the sample surface as the buffer pressure is
increased. Emission from excited molecular fragments comes later in time and is more
diffuse in space, as shown by the typical results obtained (figure 7), where significant
portions of emission spectra of atraton (a) and ametryne (b) are reported as functions
of time delay from the laser pulse and of the focal distance from the surface,
respectively. The relaxation of small fragments (CH + ) is observed at the plume border,



Laser degradation of pollutants 743

I 00 Frrament.
•• IJULLL H•

17*uWk CH

Ie, QI Id• big mat

060

tt

0 0

100 200 .00 400 500
delay (ns)

1.4 3

*soeU d - 30 no
XXXXX d 400 no

d4 500 fl:
-600 fl

,.2 rr-rl" - 700 no

1.01 U

-- .8 13
I1

4
ox

I a

0.6 a a (b)

vibrotionol level

FilguwS Time evolution of fragment emission during la•er ablation of propazine at 248 nm,
late width - lOOns. (a) Integrated band intensity for different fragments: ablation 2rmm
from the surface, no buffer, (b) Relative intensity of v - v - 0 emision lint& detected in the
violet system; ablation at the surface, 10 tort N, added.

and it has been found that this takes place also upon addition of a buffer gas. A
typical time-resolved fragment distribution obtained by laser ablation of propazine
at 248nm is shown in figure 8a. The vibrational distribution of most abundant
electronically excited molecular fragments detected in emission, e.g. CN (violet band),
C2 (Swan's system) and CH (A-X band), gives indications of preferential reaction
patterns and of secondary fragmentation. Details of the time behaviour of CN emission
in different vibrationally excited levels are reported in figure 8b. In the case of N 2

addition to propazine (10, 30 and 80torr), CH emission disappears and H is observed
only very close to the surface. Duration of emission from other molecules and delay
for maximum fluorescence intensity increase with buffer pressure.

4.2 Mass spectrometric analysis

The ionic species produced by laser ablation of solid triazine were mass analyzed by
a time-of-flight mass spectrometer. The apparatus and procedure have been previously
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FlPue 9. Positive ion mass spectrum of 2-chloro-4,6-diamino-s.triazine: (a) fragmentation
mass spectrum; (b) cluster ion formation,

described (Mele et al 1992). The solid samples were prepared from ground powders,
spread on a grid and directly irradiated by a pulsed-frequency quadrupled Nd:YAG
laser (A = 266 nm). Both positive and negative ions have been detected and identified.

A typical mass spectrum of a triazine is shown in figure 9: (a) ions at m/e lower
than the parent; (b) ions at m/e larger than the parent ion. The ions in figure 9 are
produced from fragmentation of the molecular solid. In the higher mass range in
figure 9b, two aggregation processes are identified. Clusters of dehalogenated parent
molecules of formula (M-CI), and clusters of chlorine atoms with dehalogenated
molecules of formula CI(M-C1), are observed. It can be noted from the fragments
in figure 9a that a Diels-Alder ring-opening process takes place i.e. a 4 + 2 bond
rupture occurs. Analogous fragmentation processes are observed for other triazines.
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The mass spectra of atrazine in figure 10 shows the various fragments of degradation
of the product.

A possible ring open~ing process is typically the following (Mele et at 1992).

5. Conclusions

The results of the present investigation have shown that laser photolysis may be
usefully applied to the treatment of dangerous material which has to be rejected.
Serious problems have been faced by municipalities in getting rid of substances which
can neither be treated by heat nor left in the ground, Among other pollutants PCB
are well known as precursors of polychiorodibenzodiaxines (PCDA) and polychloro-
dibenzofuranes (PCDF) (Eiceman et al 1979). Polycyclic hydrocarbons are also very
noxious substances which canno: be easily destroyed. The laser treatment in solution
or by laser ablation of th. pollutants have shown the effectiveness of the method to
obtain non-toxic subetan,.eý, by simple degradation. Investigations have to be made
to determine suitable pathways to obtain inert derivatives from such pollutants.
Degradation of PCB and PAH has been particularly successful. In both cases, laser-
induced decomiposition processes lead to very high yields of non-toxic materials: PCB
produce low molecular weight compounds, a process of graphitisation takes place
by laser irradiation of all PAH examined. The results obtained by ablation of triazines
have shown that the laser treatment is not exhaustive. Irradiation leaves behind some
amounts of cyanides and polycyanides formed by ring opening and cleavage of
triazines. This may be typical of any compound containing the C- N bond in its
structure. A higher laser fluence will probably provide a more extensive degradation
process,
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Hydrogen-atom and proton-induced electron transfer reactions via
triplet exciplexes

HARUO SHIZUKA* and MINORU YAMAJI
Department of Chemistry, Gunma University, Kiryu. Gunma 376. Japan

Abstract. It has been shown by means of laser flash photolysis at 355 nm that (I) hydrogen
atom transfer (HT) from triplet naphthalene derivatives (produced by the triplet sensitization
of benzophenone (BP)) to BP occurs via a triplet exciplex having a weak charge-transfer
structure; (2) In the presence of protons, HT is enhanced in the naphthol-BP system via a
protonated triplet exciplex whereas in the naphthylammonium iovi-BP system, markedly
reduced; (3) in the methoxynaphthalene-BP syst~m, proton-induced electron transfer (ET)
takes place via a protonated triplet exciplex, and (4) these triplet exciplexem have sandwich-like
structures on the basis or experiments for intramolecular HT and ET of the methylene
bridged compounds.

Keyworls. Laser flash photolysis; hydrogen-atom transfer; proton.induced electron transfer,
triplet exciplexes; triplet naphthalene derivatives.

1. Introduction

Acid-base reactions in the excited states of aromatic compounds have been extensively
studied since they are elementary processes in both chemistry and biochemistry
(F6rster 1950; Weller 1952, 1956, 1961; Beens et at 1965; Wehry and Rogers 1966;
Van der Donckt 1970, Ireland and Wyatt 1976; Schulman 1976, 1977; Klopffer 1977).
In this decade, there has been considerable interest in photochemical and photophysical
properties of aromatic compounds in the presence of protons (Shizuka 1985): proton
transfer reactions in the excited state and proton-induced quenching (Tsutsumi and
Shizuka 1977, 1978; Shizuka and Tobita 1982; Shizuka et al 1988), a one-way proton
transfer reaction in the excited state of hydrogen-bonded complexes (Shizuka et at
1985, 1986; Shizuka and Serizawa 1986) and examples for the absence of excited-state
prototropic equilibrium (Shizuka et at 1985d),

On the other hand. hydrogen atom transfer reactions in the triplet state of carbonyl
compounds from a variety of substrates, such as alcohols, hydrocarbons and amines,
are well-known. The reaction proceeds by either hydrogen atom transfer or electron
transfer followed by proton transfer. A large number of studies on intermolecular
and intramolecular hydrogen atom transfer reactions of carbonyl triplets have been
reported upon direct excitation (Wagner and Hammond 1968; Dalton and Turro
1970: Wagner 1971, 1976; Turro et at 1972; Cohen et at 1973; Scaiano 1973/1974;
Formoshinho 1976. 1978; Arimitsu et al 1975; Turro 1978; Okada et at 1980, 1982;
Peters et at 1980, 1982; Simon and Peters 1981, 1982, 1984; Manring and Peters 1983;

"For correspondence
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Hoshino et al 1986; Wagner et a! 1986; Hoshino and Shizuka 1987, 1968, 1993;
Devadoss and Fessenden 1990, 1991; Miyasaka et at 1991). However, until recently,
little attention has been paid to hydrogen-atom and electron-transfer reactions from
triplet aromatic compounds produced by triplet sensitization of carbonyl compounds
to carbonyl compounds (Shizuka and Fukushima 1983; Shizuka et at 1985a, b; Kohno
et at 1991; Yamaji er al 1992; Kaneko et a! 1993; Sekiguchi et a! 1993).

By means of laser flash photolysis with third harmonics (355 nm) from a nanosecond
Nd+ :YAG laser, kinetic studies on the hydrogen atom (HT) and proton-induced
electron transfer (p - eT) reactions from triplet naphthalene derivatives (produced by
the triplet sensitization of benzophenone) to benzophenone have been carried out. It is
revealed that the HT and p - eT reactions proceed via the triplet exciplexes having
a sandwich-like structure with weak charge-transfer interaction. The proton effects
on the rate constants for the HT and p - eT reactions have been also investigated.
The reaction mechanisms are illustrated.

2. Results and discussion

2.1 The hydrogen atom transfer reaction of triplet naphthylammonium ion to benzu-
phenone (Kohno et a! 1991)

The excited singlet state of benzophenone (IBP*) is initially produced upon 355-nm
laser excitation in the naphthylammonium ion (RNH )-benzophenone (BP) system
since only BP has absorbance at 355 nm in the present system. According to the El-
Sayed rule (1962-1964, the triplet benzophenone (3BP*) was formed via fast intersystem
crossing at picosecond time scale (Anderson et ai 1974; Damschen et al 1978).

Since the triplet energies of BP and RNH " are 69.2 (Murov 1973) and 60.9 kcal/mol
(Shizuka and Fukushima 1983), respectively, the ET reaction occurs from 3BP* to
RNH " in the nanosecond time scale, competing with hydrogen abstraction of 3BP*
from RNH* or solvent molecules.

Figure 1 shows the time-resolved transient absorption spectra obtained after a
355-nm laser pulse in the RNH* (3.0 x 10-IM)-BP (1.12 x 10- 2 M) system in the
presence of [H2 S0 4 1 - 0015 M (a) and 0.5 M (b) in methanol-water (9:1 v/v) at
290K. The absorption band at 410nm in figure la or 415nm in figure 2b is the
triplet-triplet (T- T) absorption of RNH* produced by triplet energy transfer (ET)
from triplet benzophenone (3BP*). On the microsecond time scale, the T- Tabsorption
of RNH* decreases, and absorption bands with peaks at 510 and 545 nm appear in
intensity with an isosbestic point at 455 nm. The 510- and 545-nm bands correspond
to the absorption spectra of the naphthylamine cation radical (RNH,') and the
benzophenone ketyl radical (> tOH) (Land 1968) respectively. The first-order rate
constants (k*bw) for the decay of triplet naphthylammonium ion (3RNH *) observed
at 410nm and 415nm are 2.4 x 10's-I and 2-0 x 105s-I for the present systems
with [H 2SOJ -0-015 M and 0.5 M, respectively. On the other hand, both the rate
constants for the rises of RNH',÷ at 510 and > t'OH at 545 nm are consistent with
those for the decay of 3RNH ' * in both cases. Therefore, it is concluded that the
hydrogen atom transfer (HT) reaction from 3RNH to BP occurs effectively to yield
RNH÷ and > ItOH regardless of the concentration of the acid used. However, the
k0 d value for the HT of 3RNH' * is strongly affected and is reduced by the acid
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(a) and 0. 5 M (b) in MeO H-water (9: 1 ulv) at 290 K obtained after laser phot olysi s at 3 55 n m
(Kohno et at 1991).

concentration. The efficiencies (OHT) of the HT reaction from 3RNH"* to BP are
0.95 and 0-31 for the present systems with [H 2 SO) = 0,015 M and 0'5 M. respectively.
It is obvious that the ONT value as well as that of kotvd is affected considerably by
addition of acids.

In order to study the reaction mechanism for the HT reaction from 3RNH** to
BP in the presence of protons, the concentration effects of BP and acids ore investigated
by nanosecond laser flash photolysis.

Figure 2 shows the plots of k.b, vs [BP3 in the presence of [H 2 SO41 - 0.015 M
(a), 0-05 M (b) and 0,5 M (c). The value of kot0 increases with increase of [BP], while
it decreases with increase of [H2 SO4j. Hcwever, there is a leveling off at higher
[BP], especially at lower [H2 SO 4 ] (S &05 M), .,hich indicates an equilibrium in the
excited state such as a triplet exciplex. On the (ther hand, figure 3 shows the plots
of k.,. vs [acid] in order to study the proton effoct on the HT reaction of RNH* -BP
systems at various [acid] with H2 SO 4 and HCIO 4 as proton sources. The value of
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3 34+
RNH* + >CO (RNH... >CO)"

k0 Yk;ikT

RNH3 + >CO0 RNH ÷ n + >801i

K1  k1 / k 1

kex = k + klT

SdmM 1.

From the above results, the mechanism of the HT reaction is accounted for by
scheme 1, where the triplet exciplex, I(RNH + > CO)* formed between 'RNH+*

and BP with 1:1 ratio, k, and k - are the rate constants fo- formation and decom-
position of 3 (RNH .. > CO)*, respectively, ko and ko the decay rate constants of
'RNH" I and 3(RNH+ --. > CO)* to the ground state (RNH+ + BP), respectively,
kHT the rate constant for HT via 3(RNH + > CO)" and k, denotes the decay rate
constant of 3(RNH" ... > CO)* by protonation, resulting in the reproduction of
3RNH" * + BP due to the Coulombic repulsion in the protonated triplet exciplex,
3(RNH ... > tOH)*. That is, the concentration of f'ree 3RNH * increases with
increase of [H 2SO 4 ]. Therefore, the vibrational structures of the T-T absorption
spectrum of 3RNH+* at 415nm with CH2 SO4] =.5M are sharper than that of
3(RNH •.. > CO)* at 410nmi with [H2 SO,] =0.015M as shown in figure 1.

According to scheme 1, ko•,d is expressed by

ko.d m {ko + K, '[BPI.k,,,(I + [H 2 SO,4]k',/k )- }
(1 + K,'[BP)'(I + [H2 SS0 4]'/k 1 )1  }-, (1)

where we use k2 .[H2 SO,] instead of k2 .[H+]. When the kinetic parameters in
scheme I are K,(=kl/k- )=11OM-1, kl/k-,=40M-', ko= lv 10's-1 and
k.,(= ko + kHT) = 5 x 106 s - , the calculated values of kobd from (1) shown as solid
curves in figures 2 and 3 are in good agreement with the experimental ones.

2.2 The hydrogen atom transfer reaction from triplet naphthol to BP

When the naphthol (ROH)-BP system is employed under 355-nm laser pulsing, the
ET reaction occurs in the nanosecond time scale from 'BP* to ROH competing with
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(a) and M- MI Wb observed after 355-nm laser pulsing at 290 K (Kaneko of al 1993.).

hydrogen abstraction from ROH and deactivation of ' tBP* by ROH. The triplet
energies of BP and ROH are known to be 69-2 and 58-6 kcal mol 1,respectively, in
a polar solvent (Murov 1973).

In order to elucidate the HT reaction from 3R0H* to BP with [H. S04 -O0 and
0-5 M, transient absorption spectra were analyzed on a microsecond time scale. Figure
4 shows the typical transient absorption spectra observed at 0-2--7 ,ts after laser
pulsing in ROH (3-0 x 10- 1 M)-BP (6-7 x 10- M) systems containing (a)
[H 2 S0 4] = 0 and (b) 0-5 M in acetonitrile-water (4:1 ý)/v) at 290 K. In both spectra
(a) and (b), the 430-nm band for triplet naphthol (3R0H*) decreases with an isosbestic
point at 490 nm, accompanying an increase in intensities of the 545-nm and the
400-nm bands for the benzophenone ketyl radical (> 1tOH-) and the Il-naphthoxy
radical (R6), respectively.

Figure 5 shows the time traces of the transient absorbance changes observed at
430nm ((a) and (c)) for 3ROH* and 545 nm ((b) and (d)) for >ItOH after laser
pulsing in ROli (3-0 x 10-IM)-BP (6-7 x 10-3 M) Systems with (H2 S04J -0 ((a)
and (b)) and 0-5 M ((c) and (d)) in acetonitrile-water (4:1 v/v) at 290 K. The rate
constants (kflwd) of the decay for 3R0H* are 2-8 (± 0,2) x 10 s' for [H2 SOJ -0M
and 7-4 (± 0-3) x 101 s- for [H2 504] = 0-5 M, respectively. The rate constant for
the decay of 3R0HO is almost identical with that for the rise of >It~OH within
experimental error (10 %) showing that the HT reaction takes place from SROH*
to BP. On the other hand, the kObd value at 430 or 545 nm in the system with
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FIga. 5. Time traces of the absorbance changes for transient species observed at 430nm
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after a 355-nm laser pulse in the ROH (3.0 x 10-3M)-BP (6-7 x 10-3M) system in
acetonitrile- water (4:1 v/v) at 290 K (Kaneko et at 1993).

[H 2 S0 4 ] = 0'5 M is 2'6 times greater than that in the system without H2 S0 4 . This
indicates that k.bed at 430 or 545 nm is obviously enhanced by protons. The efficiency

(H'T) for the HT reaction from 'ROH* to BP are 0.73 and 0.85 for ROH (3.0 x 10- 3 M)
-BP (6.7 x 10- 3 M) systems with [H2SO, I =0M and 0.5M, respectively. These
results show that the value of ONT is enhanced by protons as well as that of kobd.
These findings imply that the HT reaction from 2ROH* to BP is enhanced by protons
in contrast to the case of RNH' (Kohno et at 1991). In order to elucidate the effect
of protons on the HT reaction, laser photolysis at 355 nm was carried out in the
ROH-BP system at various concentrations of H2 SO 4 .

Figure 6 shows the plots of the decay rate constant (ko.d) of 3ROHO at 430nm
vs [H2 S0 41 (:5 1.0M) obtained by laser photolysis in ROH (3.0 x I0-' M)-BP
(0.1 M) systems containing various [H2 S0 4 ] in acetonitrile-water (4:1 v/v) at 290 K.
The k0bW value linearly increases with an increase of [H 2 SO 4 ]. Therefore, kobsd iS

formulated as

ko.bd = + +k,'[H2 S0 4], (2)

where k, and kd are the quenching rate constant by H2 SO 4 and the decay rate
constant of 3ROH* for the ROH (3.0 x 10- 1 M)-BP (01 M) system without H2 SO,,
respectively. From the slope and intercept of the line, we have k, - 4.8 x 106 M - Is - I
and k,- 3.5 x 106s-t.

Figure 7 shows the plots of k.bd at 430 nm as a function of [BP] (S 2.0 x 10-' M)
obtained by laser photolysis at 355 nm in ROH (3.0 x 10 - M)-BP systems containing
[H2 SO,) -0, 0-5 and 10M in acetonitrile-water (4:1 v/v) at 290K. The value of
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Figue 7. Plots of the decay rate constant (kob,) or IROHO as a function of [HP] observed
at 430 nm after laser pulsing in the ROH (3-0 x 10- 1 M)-BP system with -H2 SO 4) = 0 (0)-
0.5 (,) and 10 M ( x ) in acetonitrile-water (4:1 v/v) at 290 K. The solid curves are calculated
by (7) (Kaneko et at 1993).

kotld increases considerably, though not linearly, with an increase of [BP] at each
[H 2 SO4 ]. These plots imply the formation of the triplet exciplex, 3(ROH ... > CO)*,
which is considered to have a weak charge-transfer interaction from ROH to BP since
no difference in the T- T absorption spectrum between 3ROH* and 3(ROH.., > CO)"
is observed,

In order to explain the above results, a reaction mechanism is suggested for the
ROH-BP system without protons in scheme 2, where k0 , k0 and kHT are the decay
rate constants for 3ROH* in the absence of BP, 3(ROH.,, > CO)* to ROH plus BP
in the ground state and 3(ROH.,, > CO)* to the production of > t•OH and R6 (i.e.,
the HT rate constant), respectively, k1 and k - the rate constants for the formation
and the dissociation of I(ROH,.. > CO)*, respectively. A fast equilibrium between
(3ROH + > CO) and 3(ROH,.. >CO)" with an equilibrium constant (K,) is
supposed, According to scheme 2, the observed rate constant (koAW) for the decay of
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'ROH* is formulated as follows,

kobd= (k. + k,,"K'[BP]).(l I + K,.[BP])-f (3)

where K= k,/k_, and k,,= ko + kIT. On the assumption that the value of ko is
negligible compared to those of the competitive processes, i.e., k0 << k,.K, [BPI], (3)
can be transformed as

ko1d = ke' +(ke,' K 1 )-'BP] - (4)
By the use of the experimental values of ko, ,d obtained in acetonitrile-water (4:1 v/v),
plots of k-d vs [HP] gave a straight line. From the slope and the intercept of the
line, we obtained k..= 91 x 106s- and KX =6.7M-'. Since ko= 1.4x 10's-'
(Shizuka et a! 1985a) the assumption of ko<<k. Kj.[BP] is proper in the range
[BP] > 002 M. The solid curve for [HSO4] = 0 M in figure 7 was calculated from
(3) using the determined values of k,, and K, in acetonitrile-water (4:1 v/v) at 290 K.
Since the experimental values of kobld are in good agreement with those calculated,
the proposed mechanism is appropriate for the HT reaction from 3ROH* to BP
without acid.

For the ROH (3.0 x 10-3 M)-BP (6.7 x 10- M) system without acid, the efficiency
of the HT reaction (01,T) was 0.73 in acetonitrile--water (4:1 v/v) at 290 K. According
to scheme 2, 4HT can be expressed as

4OuT = kiHT'KI -[BP]'(ko + ke.'Kl '[BP])I. (5)
By the use of ko = 1,4 x 103 s- (Shizuka et at 1985a) and the determined values of
k,, and K , we obtained kHT M 8'9 x 106 s- '. From the value of kHT , we have estimated
the ratio of the HT reaction to the deactivation processes of the triplet exciplex3(ROH... > CO)* as kHT/k.. - 0.98. Therefore, once 3(ROH... > CO)* is produced,
it is fated to undergo the HT reaction very effectively.
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The mechanism in scheme 2 is extended to the ROH-BP system in the presence
of protons as shown in scheme 3 considering the protonated triplet exciplex
3(ROH... > (iOH)". In the presence of protons, 3(ROH.. > CO)* forms the proto-
nated triplet exciplex 3(ROH... > tOH)* with an equilibrium constant (K2 C k 2 /k- 2 )'
Here, k, and k_ 2 are the rate constants for protonation of 3 (ROH.,, > CO)* and
deprolonation of, 3(ROH ... > ýOH)*, respectively. The protonated triplet exciplex
(ROH ... > 1OH)* decays to ROH + > CO + III in the ground state with the rate

constant (k;) or undergoes the intraexciplex electron transfer reaction with the rate
constant (k,,) to produce the triplet radical pair 3(ROH"+ -. > (tOH). The radical pair
rapidly transforms R6 + > t(OH + H ÷. The decay rate constant of 3(ROH... >ýOH)-
is denoted as kP (- k; + k,,). As stated above, the triplet exciplex 3(ROH .. > CO)*
has a weak charge transfer structure from ROH to BP, Accordingly, protonation
of the benzophenone site (>CO) of 3(ROH. > CO)* may occur to produce
3(ROH... > (1OH)*. According to scheme 3, kobsd is formulated as

kob.d = (ko + k.'KK1I.[BP] + kP, KCK1 K2 [BPJ'[H + ])-

(I + K I'BP1 + K,'K 2 'I'BP]'[H'+)-. (6)

Since the activity of HS024 in acetonitrile-water (4: 1 v/v) is unknown, we denote
K, and [H 2SO4 for K 2 and [H÷], respectively. Thus, we obtain

k0bd -(ko + k,,'K*L'BP] + kp'K,'K'-[BP]-[HSO,])-

(1 + K1 [BP] + K 'K2' [BP'[HSO.,])" . (6')



H-atom and proton-induced ET reactions via triplet exciplexes 757

If it is assumed that 1 + KI-[BP] )> K ,.1 K'-[BP][H2 S0 4], (6') is rewritten as

k.o~dP (k0 + k,'K, "[BP).(Il + Kl'[BP])-'

+(k'K'K'a'[BPJ)(l + K2 '[BPI)-'E[H 23O]. (7)

Comparing (2) with (7), we have

k,- (kpK 1 .K'I"CBP])'(l + K1 .[BP])-1  (8)

a=4-8 x 106s-1,
and

k,- (ko + k.,.K'[BP]),(1 + K1.[BP])-I. (9)

When [BP] 0- 0J M and K1 -76' M- are substituted into (8), we obtain kp K'2 =
1'2 x 10' M-s-. We calculated the values of kl as 3.7 x 106 s-, with the values
obtained of ko, kx, K1 and [BPI = 0.1 M. This value agrees well with the experimental
value (3.5 x 106 s- 1) for [BP) - 0.1 M obtained in figure 3 within experimental error
(10%).

The solid curves for [H 2 SO,] - 6-5 and 1-0M in figure 7 are calculated from (6')
by using the determined values of ko, k.,, KI and k, K2. The calculated values are
consistent with experimental ones.

For the ROH (3,0 x 10-3 M)-BP (6'7 x 103- M) system with [H 2 S0 4] = 0'5 M,
the total efficiency (OP.) of the HT reaction in the presence of protons was obtained
as 0'85. According to scheme 3, OPHT is formulated as

HT = (kHT'K -'[BPI + k,,'K, "K'2 '[BPJ'[H 2S0 4])"
(ko+k*=.K 1 .[BP] +kk,.K 1 2K2[BP]'[H 2 SO])'. (10)

When we introduce into (10) the ratio of y which is defined as y = k Ik , and use the
determined values of ko, kw(t_ k,,), k,.K', [') - 6.7 x 10-• M and [H2" O49 = 0=5 M,
we have y - I1, Considering the experimental error (10%) in determining Or.T, kp
can be regarded as k,, (i.e., k,, >> k"). Therefore, '(ROH' > tOH) produced by
the intraexciplex electron transfer reaction dissociates into ROH' and > COH
effectively without the back-electron transfer reaction. The deprotonation of ROH" +
rapidly occurs to produce R6 plus H * since ROH * seems to be very acidic.

2.3 Proton-induced electron transfer reaction from triplet methoxynaphthalene to BP
(Yamaji et al 1992)

When the ROH of an ROH-BP system is replaced by methoxynaphthalene (ROMe)
in the absence of protons, no reaction occurs owing to the triplet methoxynaphthalene
(IROMe*) produced by triplet sensitization of BP. However, in the presence of protons
in the ROMe-BP system, proton-assisted photoionization (p-ion) reaction of IROMe*
produced by triplet sensitization of BP effectively occurs to produce the met,:o'xynaph.
thalene c-+ion radical (ROMe'*) and > tOH (Shizuka et al 1985b).

Figure 8a shows the transient absorption spectra on a microsecond time scale for
the I ROMe (3.0 x 10-I M)-BP (6'7 x 10"3 M)-H 2S0, (IOM) system in acetonitrile-
water (4:1 v/v) at 290 K. The T3. *- T, absorption of BP at 525 nm disappears within
lOOns after laser pulsing, resulting in the formation of a transient peak at 435 nm.
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The transient spectrum at 435 nm was assigned to the T.,- T, absorption of I ROMe.
At 500 ns after laser pulsing, new transient peaks at 380, 545, and 650 nm appear
with a decrease of the 435-nm peak for I1 ROMe* with an isosbestic point at 490 nm.
The 545-nm transient is known as > IOH (Land 1968). Both transient peaks at 380
and 650 nm are ascribable to the 1-methoxynaphthalene cation radical, I ROMe' +
The reference spectra of 3I ROMe*, > tOH, and I ROMe" are depicted in figure 8b,
The molar absorption coefficient of 1 ROMe" + can be readily determined from spectral
analysis since the rate constant for the formation of I ROMeW+ is the same as that
of > tOH. The rate constants for the rise of both transient peaks at 545 nm for
> COH and 650 nm for I ROMe.+ were the same as that for the decay, koh,d f
8'9 x 10 s -I observed at 435 nm for 3I ROMe* within 5% experimental error, as
shown in figure 8c. In the absence of protons, no photoionization takes place in the
1 ROMe-BP system upon 355 nm excitation. These results show that the ionization
of 11 ROMe* is assisted by both protons and BP, leading to the production of
I ROMe" and > COH.
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Fit•eu & (a) Time-resolved ttansient absorption spectra in a microsecond tihe scale for
the I ROMe(3Y0 x I0- M)-BP (6.7 x 10-1 M)-H$SO 4 (1,0 M) system In actonitrile-water
(4:1 v/0) observed after 355-nm laser pulsinj at 290K (Yamaji et al 1992). (b) Reference
absorption spectra for the transient species (11 ROMe'. > ItOH and I ROMe') (Yanmaji
et at 1992). (c) Time trams of the absorbance changles for transient species monitored at
435 nm (31 ROMe*) (I). at 545 nm (> tOH) (2) and at 650 nm (I ROMe * ) (3) after a 355-nm
laser pulse to the I ROMe (30 x 10-3M)-BP (6-7 x 10-'M )-HS04 (1l0M) system in
acetonltrile-water (4:1 v/v) at 290K Yaamajl et at 1992).

Similar transient spectra of 32 ROMe" were obtained in the 2 ROMe (3-0 x 10- 3 M)-
BP (6.7 x 10- 3 M) system containing [H2 SO 4 ] = 1,0M by laser flash photolysis
at 355 nm as shown in figure 9a. The transient absorption at 430nm f.,- -2 ROMe*
(&= 14,700 M - cm -1) (Yamaji et al 1992) produced by triplet sensitization of

BP decreases with increase of the new absorption peaks 545 nm for > (IOH
(6 - 3220 M -'crn-f') (Land 1968), 380 and 600 nm (c = 6500 M - cm ') for 2 ROMe'÷.
The decay rate constant, kot, = 1.0 x 101 s ̀  at 290 K observed at 430 nm for
`2 ROMe" was the same as the rise rate at 545 nm for > ItOH or 600 rm for
2 ROMe" . The reference spectra of the transients are also shown in figure 9b. These
observations demonstrate that in the presence of protons, the ionization of 12 ROMe*
occurs to produce the 2-methoxynaphthalene cation radical, 2 ROMe' , and the
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benzophenone ketyl radical, > 4tOH. No photoionization upon 355 nm excitation
was observed for the 2 ROMe-BP system in the absence of protons.

From these results, the ionization of 3ROMe* can be expressed as

3ROMe* + BP + H * - ROMe+ + > cOH. (11)

The ionization potentials of I ROMe and 2 ROMe are known to be 179.4 and
182.6 kcal morl" - respectively (Shizuka and Tobita 1982). However, the proton. assisted
photoionization of ROMe occurs with lower triplet energies (1 ROMe: 59-7 kcal reol 1,
Murov 1973; 2 ROMe: 61.9 kcal morl- 1, Yamaji et al 1992).

The efflicencies (0,.) for the ionization of ROMe are evaluated as 0-84 for the
I ROMe (3-0 x l0-- M)-BP (6-7 x 10- 3 M)-H 2SO, (1'0M) system and 0.29 for the
2 ROMe (3'0 x 10- 3 M)-BP (6-7 x 10- 3 M)-H a S0 4 (10M) system.

The deactivation processes of 3ROMe* produced by the triplet sensitization of BP
have been studied in the ROMe-BP-HASO, system under various concentrations
of BP and H1S, at 290K.

Upon laser excitation at 35. nm in the 1 ROMe (3-0 x 10-3 M)-BP (:5 02 M) systems
with CI-2 SO4 1 -0, 015 and l0M at 290K, the decay rate constants, ko. of 31 ROMe*
at 435 nm were measured. The k... value corresponds to the decay rate constant of
3ROMe* which is equal to the rise rate constant of I ROMe + or > 1tOH as described
above, Figure 10 shows the plots of kehd vs [BP] obtained after laser pulsing to
1 ROMe-BP-HSO,, systems. The value of k/o,,e increases with increase of fBP) and
[H2 SOJ though not linearly. Especially in the system with (HZSO,) -0, a leveling-
off is expected at higher [BP] (? 0-2 M). Similar results were obtained in the 2 ROMe
(3-0 x 10-3 M)-BP (50'2M) systems with [H.S0 4 ] 0, 01 and 1-0M at 290K as

,/'OM

05M

'0
.0.

0 01 U2

B tP) M

Fllue 10. Plots of the decay rate constant (k,,.) of 11 ROMe as a function of EBP]
observed at 435 nm after laser pulslng P, 355 nm In the I ROMe (30 x 10-3 M)-BP systems
with [H2SO,] -0 (0) 0.5 (A) and lU A (;%) In acetonltrile-water (4:1 vlv) at 290K. The
solid lines are calculated usin1 (16) (Yanraji et at 192).
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Filg. 11. Plots of the decay rate constant (k,,,) of 32 ROMeW a a function of [BP]
observed at 430 nm after laser pulsing at 355 nm in the 2 ROMe (3.0 x 10o I M)--BP systems
with [H3S0 4] -0(0), 01 (A) and 10 M (ax) in acetonitrile-water (4:1 v/v) at 290 K. The
solid lines are calculated using (16) (Yamaji at at 1992).
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shown in figure 11. Such a nonlinear quenching of 3ROMe". as shown in figures 10
and I1, cannot be explained by a simple quenching mechanism, and implies the
existence of the triplet exciplex, 3(ROMe... > CO)". In order to account for these
experimental results, we propose the proton-assisted photoionization mechanism

shown in scheme 4, where 3ROMe, 3(ROMe... > CO)' and 3(ROH... > tOH)*
denote the triplet ROMe, the 1: 1 triplet exciplex and the protonated triplet exciplex,
respectively, k., k., and k" the decay rate constants of 3ROMe", 3(ROMe... > CO)*
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and 3(ROMe,.. > (tOH)*. respectively, to the ground state, K, and K. the corresponding
equilibrium constants for complex formations, and k., the rate constant for the
intraexcipicx electron transfer reaction of 3(ROMe... > tOH)*. Spectral changes in the
T. - T, absorptions among 3ROMe*, 3 (ROMe... > CO)* and I(ROMe... > tOH)*
were scarcely observed, suggesting that these triplet exciplexes have weak charge.
transfer structures. The acid--base reactions of 3BP* are known to be very fast, their
equilibria are established within 20 ns after laser pulsing (Hoshi and Shizuka 1986).
In scheme 4, we neglected the proton-induced quenching of 3ROMe* considering
the following reason; as [BP] approaches OM, the values of k.,. at each [H 2SO,]
in figures 10 and I I become close to the same. On the assumption that both equilibria
for the formation of 3(ROMC... > CO)* and 3(ROMe... > (1OH)* are attained within
200 ns, the following equation for the observed decay rate, kObid observed at 435 nm
for 'l ROMe* and at 430nm for 32 ROMe* can be derived,

kobsd - (ko + KI-[BP]k., + KIK 2 . [BP].[H+ ].kp).

(I + K,[BP] + K,,K 2 .[BPI[H])-', (12)

where k, = k,, + k". Since there is no information about the activity of HSO, in
acetonitrile-water (4:1 v/v), we use K2 and [H2 SO,4] instead of K 2 and [H+],
respectively. Therefore, (12) is reformed as

kobld = (k+ + K, [BPIk0 1 + K,"K2'[BP]'(H 2SO,3'kP)'

(I + K'[BP] + K,-K' 2K[BP]J[H2 SO,])-'. (12')

At first, we consider the simplest case of the 1 ROMe (3,0 x 10- 1 M)-BP (6 0.2 M)
and the 2 ROMe (3.0 x 10' M)-BP (S0.2M) systems in the absence of H2S,04
For these cases, (12') can be simplified as

kotd = {k, + K,'[BP'k,,)'(l + K, -[BP])-. (13)

On the assumption that the value of ko is small enough to be negligible, i.e.,
ko << K, " [BP].k, in the [BP] range studied (10" 2 M _5 [BP] _5 0"2 M), (13) can be
transformed as

k-1
kobd k•' +(K'k,,)- '[BP]-'. (14)

By the use of the experimental values of kobd obtained for I ROMe and 2 ROMe,
plots of k - d vs [BP] - gave a straight line. From the slope and the intercept of the
line, we obtained the values of k., and K, as 1[6 x 101 s- ' and 10-1 M- for I ROMe,
2.5 x 106 s- I and 4.0 M - I for 2 ROMe, respectively. Since we experimentally obtained
the values of ko as 6.8 x 104 s -I and 5.4 x l' s-' for I ROMe and 2 ROMe, respec-
tively, upon 266-nm laser excitation to ROMe in acetonitrile-water (4:1 v/v) at 290 K,
the assumption of ko << K, .[BP].k,. is proper in the range [BP] e. 10-1 M. The solid
curves for [H2 SO,4] 0 M in figures 10 and II are, respectively, calculated by (13)
and the determined values of k.. and K, IThe calculated values are in good agreement
with those measured in both I ROMe-BP and 2 ROMe-BP systems,

For the next step, in order to determine the values of kP and K' for the ROMe-BP
system in the presence of protons, we have measured the k.. values for the ROMe-BP
system with various [H. SOJ] in acetonitrile-water (4:1 v/v) at 290K.
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Figure 12. Plots or the decay rate constant (k.,,,) of '. ROMe* as a function of [HzSO,]
observed at 435 nmn after limser pulsing at 355 nan in the I ROMe (3-0 x 10- M)-BP
(6.7 x 10- 3 M)-H,SO4 (1"0 F.OM) svstem in acetonitrile-water (4:1 v/v) at 290K (Yamaji et at
1992).

Figures 12 and 13 show the plots of kobld vs. [H 2 SO4 ] observed for 1 ROMe
(3.0 x 10-3 M)-BP (1.0 x 10"'M) and 2ROMe (3.0 x 10- 3 M)-BP (1.0 x 10-1 M)
systems, respectively. In both systems, plots show a straight line. Therefore, we can
express kobtd as a function of [H2 SO,] as follows

kobsd k• k + k,-[HS04 '. (15)

From the intercept and the slope of the line, we obtained the values of k, and k, as
8-0 x 105 s` and 3.0 x 10 6 M -'s- I for 1 ROMe, 7.5 x 10Os-' and 1'2 x 10' M- 1s-'
for 2 ROMe, respectively. When we assume I + K,.[BPI >> K,.K'-[BP]V[HSO4 ]
in the range studied (i0- 2 M -< [BP];g 0'2 M and [H 2 S0,] • 1.0 M), (12') is written
as

kod =_(k, + K,.[BP].k,).(I + K,.[BP])- I +

K 1.K' 2 .[BP].k,.(I + K,-[BP]B 1)['H 2 S0 4 ]. (16)

Comparing (15) with (16), we have

k,= (k, + K, .[BP].k,,).(l + K [BPI)-, (17)

k, = KIKý.[BP].k,.(l + K, .[BP])- 1. (18)

When we use [BP] = 0-1 M and the determined values of KI and k, in (18), the values
of K,. k. are obtained as 6.4 x 106 M -' s -' and 4.2 x 106 M-' s - I for I ROMe-BP
and 2 ROMe-BP systems, respectively. According to (17), we calculated the values
k. with the determined values of ko, P,,, K1 and [BP]-=0'1M to be 8.6 x 10ss-I
and 7.7 x l0s s-' for 1 ROMe-BP and 2 ROMe-BP systems, respectively, which
correspond to those obtained above within 10% experimental error.

The solid curves for the 1 ROMe-BP system with [H. SO 4] - 0.5 and 1.0 M in
figure 10 and for the 2 ROMe-BP system with [H2 SO 4 ] - O1 and 1.0 M in figure 11
are calculated by (16) with [BP] = 6.7 x 10-' M and the determined values of ko,
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Filure 13. Plots of the decay rate constant (k,w) of )2 ROMe* as a function of [H2 SO 4)
observed at 430nm after laser pulsing at 355nm in the 2ROMe (3.0x 10- 3 M)-BP
(6-7 x 10- M)_H 1 SO 4 (1-0M) system in acetonitrile-water (4:1 v/v) at 290K (Yamaji et at
1992).

k.,, K, and K'2 .k,. The calculated values are consistent with those obtained
experimentally within 10% error. This fact suggests that (12') is available for the
kinetic analysis of the present system.

According to scheme 4, 0,o, is formulated as

(K, .K-[BP].IH2 SOI.k,,).

(ko + Kl.[BP].k.,- + Kt.K',.[BP].LH2SO4 J.kp)-. (19)

When we define the ratio, y = k, Ik and put into (19) the determined values of k.,
k.,. Kt, K2"k , [BP] - 6'7 x 10- N1 and [H2 SO] = 1.0 M, we have y - 1.0 and 0.60
for 1 ROMe and 2 ROMe systems, respectively. These values indicate that the intra-
exciplex electron transfer reaction effectively occurs to yield ROMe ' and > COH.
This reason is considered as follows. By the intraexciplex electron transfer in
3(ROMe... > &OH)*, the triplet radical pair may be initially produced in a solvent
cage according to the spin conservation rule.

3(ROMe... > (1OH)* --* 3(ROMe'+ + > CtOH), (20)

where '(ROMe'* + > COH) represents the triplet radical pair in a solvent cage.
Hence, the geminate recombination between the triplet radicals is impossible without
spin inversion, and the radicals can escape from the solvent cage without the back-
electron transfer. In other words, once intraexciplex electron transfer occurs, the triplet
radical pair, 3(ROMe' + > tOH) readily dissociates into ROMe" + and > (tOH with
high efficiency.

It should be noted that the pK, value in the ground state of BP has a large negative
value (- 57) (Bonner and Phillips 1966), and no protonation to BP occurs in the
ground state under the experimental conditions. On the other hand, protonation to
the triplet exciplex, 3(ROMe... > CO)* takes place. In I(ROMe... > CO)", slight
electron migration may occur from aROMe* to BP since 3(ROMe... > CO)* has
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weak charge-transfer character. At higher acid concentrations, the protonated exciplex,
3(ROMe... > &OH)* is. therefore, produced by protonation to 3(ROMe..- > CO)*.
The electron affinity of the protonated BP(> tOH) in the exciplex may become large
compared to that of BP resulting in the intraexciplex electron transfer.

When l-naphthol (ROH) is used instead of I ROMe, the proton-enhanced hydrogen
atom transfer reaction occurs via the intracomplex electron transfer reaction as follows.

3(ROH... > ýOH)*-- 3(ROH'+ + > COH), (21)
3(ROH" + + > COH) -* ROH'+ + > COH, (22)

ROH'+ -- R6 + H +, (23)

where 3(ROH'+ + > tOH) represents the triplet eadical pair in a solvent cage. The
I -naphthol cation radical (ROH' ) could not be detected experimentally (Kaneko
et al 1993). The result shows that ROH'+ dissociates very rapidly into the l-naphthoxy
radical, R6 and H +, since the pK, value of ROH + is considered to be very negative.
Comparing (20) with (21), the present study strongly supports the mechanism on the
proton-enhanced hydrogen atom transfer reaction.

2.4 The intramolecular hydrogen atom transfer reaction of BP-(CH2 ).,-ROH and
proton-induced electron transfer of BP-(CH2)3-ROMe in the triplet state (Sekiguchi
et at 1993)

As to the structures of 3 (ROH ... > CO)* and N(ROMe... > CO)*, it is considered to
have a sandwich-like structure which is locally excited because the triplet-triplet
absorption spectra of 3ROH* and 3,_ ""Me* are similar to those of 3(ROH... > CO)*
and 3(ROMe... > CO)*, r -- 5 - However, little information on structures of
triplet exciplexes has bý.. , 'hough it is of great interest to reveal the
conformations of triplet CAL. 1'. , HT and ionization reactions.

One of the most usvful met.,eds `0 khe study of chromophore interactions is to
link the chromophore .,. P n.. -'e chain (-(CH2),-) to restrict their conforma-
tion. According to Hiray. .. s "n ru," (Hirayama 1965), it is known that the two
chromophores linked by -k .'H 2 )3y- r, .ast be situated face-to-face upon their interaction.
Thus, the problem on the structures of 3 (ROH... > CO)* and '(ROMe... > CO)*
for HT and ionization will be answered by using the linked molecular systems of
hydroxynaphthylpropylbenzophenone (BP-(CH:) 3-ROH) and methoxynaphthyl-
propylbenzophenone (BP-(CH 2)3-ROMe), respectively.

2.4a The intramolecular hydrogen atom transfer reaction in the triplet state of
BP-(CH2)3 -ROH: The intramolecular HT reaction in the triplet state of BP-(CH2 )3-
ROH has been revealed. After 355-nm laser excitation of BP-(CH2 )3-ROH, intra-
molecular triplet energy transfer (intra-ET) from the triplet benzophenone moiety
('BP*-) to the naphthol moiety (-ROH) occurs to produce the triplet naphthol
moiety (- 3ROH*) within 10 0 ps as well as the case of the naphthalene-BP system
(Lamola et al 1965). The transient absorption spectra have been observed after a
355-nm laser pulse to BP-(CH2 )3-ROH (3.0 x 10- 3 M) in acetonitrile-water (4:1 v/v)
at 295 K. At 25 ns after a pulse, the transient absorption spectrum has the 430-nm
bnnd which resembles the triplet-triplet (T-T) absorption of l-naphthol (Shizuka
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et at 1985a; Kaneko et at 1993; Yamaji et at 1993). Therefore, in the present system
of BP-(CH2 )3-ROH, we can conclude that the intra-ET from 3 BP*- to -ROH
occurs within laser pulse duration, resulting in BP-(CH 2)3-

3ROH*,

Intra-PT3BP*--(CH2)3-ROH -- BP-(CHl) 3 _-3KOt*. (25)

After the intra-ET reaction of BP-(CH2 )3-ROH, with a lapse of time, the 430-nm
band of BP-(CH2 )3-'ROH* decreases in intensity with an isosbestic point, accom-
panying an increase in intensities of the 550-nm and the 400-nm bands for the benzo-
phenone ketyl radical moiety (> tOH-) and the naphthoxy radical moiety (-R6).
respectively (Shizuka et at 1985a; Kaneko et at 1993). The time traces of the transient
absorbance changes have been observed at 430 nm for - 3ROH* and 550 mn for > (4OH-
after laser pulsing to BP-(CH 2 )3-ROH (3.0 x 10-3 M) in acetonitrile-water (4:1 v/v)
at 295K. The first-order rate constant (ko•bd) for the decay at 430nm is almost
identical with that for the rise at 550 nm (9,8 x 10' s'-) within experimental error
(10%), indicating that the HT reaction occurs from -3ROH* to BP-. Since the k.b,d
value (9'8 x l06s"I) is independent of [BP-(CH 2)j-ROH] (;5 6,0 x 10' M), it is
concluded that the HT reaction is an intramolecular one (intra-HT) of BP-(CH 2 )3 -
3ROH* to produce > t(OH-(CH 2)3-R6 with rate constant (9-8 x 10's-1) in the
range of [BP-(CH2 )3-ROH] studied, The efficiency (OHT) for the intra-HT reaction
is 1.0 for BP-(CH2)3-ROH in acetonitrile-water (4:1 v/v). This 4OH value implies
that the intra-HT reaction of BP-(CH 2)3-ROH occurs very efficiently.

The plots of the rate constant (k.hd) for intra-HT vs [H2 SO 4J (9 05 M) have been
obtained after a laser pulse to BP-(CH2)3-ROH (3.0 x 10-3 M) in acetonitrile-water
(4:1 v/v). The ko,,d value increases linearly with increase of [H 2SOj. Therefore, kob.d
is also represented as

koba = kd + k,[H 2 SO 4 ]. (26)

From the slope and the intercept of the line, we have k, - 3.3 x 106 M- I s- I and
k, M 9.8 x 10s s- 1. On the other hand, the efficiency of intra-HT (OHT) was 1[0 in the
range of [HaSO,] (;S 0.5 M) studied as mentioned above. As a result, for the proton
effect on intra-HT of BP-(CH2 )3 -ROH, only the rate constant for intra-HT is
enhanced by protons.

In order to account for the results obtained on intra-HT of EP-(CH2 )3 -ROH, we
propose the intra-HT mechanism as shown in scheme 5 analogous to that for inter-HT
of the ROH-BP system (Kaneko et a! 1993), where 3(BP.-(CH 2) 3-ROH), 3(> tOH-
(CH2)3-ROH) and 3(> (1OH-(CH2)3-ROH') denote the intramolecular triplet
exciplex with a sandwich-like structure, the protonated intramolecular triplet exciplex
and the triplet radical pair produced by the intraexciplex electron transfer (intra-el),
respectively. ko, k6 and k" are the corresponding decay rate constants of
BP-(CH 2)3-

2ROH*, '(BP-(CH 1 )3-ROH)" and 3(>tOH-(CH2 )3 -ROH)* to the
ground BP-(CH,) 3-ROH, respectively, kHT and ko, the rate constants for intra-HT
of l(BP-(CH2 ) -ROH)* to > 1tOH-(CH 2 )3-R6 and intra-el of 3(> tOH-(CH,) 3 -
ROH) to 3(> (ýOH-(CH2)A-ROH ), respectively, and K, and K. the corresponding
equilibrium constants of formation of the triplet exciplex and the protonation of the
triplet exciplex, respectively.
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2.4b The intramolecula, proton-induced electron transfer in the triplet state of BP-
(CH2 )3-ROMe: The intramolecular p-eT reaction of BP-(CH2 )3 -ROMe in the
triplet state is as follows: After 355-nm laser excitation of BP-(CH2 )3-ROMe, the
intra-ET from 3BP* - to the methoxynaphthalene moiety (-ROMe) occurs to produce
the triplet methoxynaphthalene moiety (-3 ROMe*) as well as in the case of
BP-(CH 2 )3 -ROH. The transient absorption spectra have been observed after 355-nm
laser pulsing to BP-(CH2 )3-ROMe (3.0 x 10-1 M) in acetonitrile-water (4:1 v/v) at
295 K with [H2 SO 4] - 0, 0005 and 0.5 M. The transient spectrum observed at 400 ns
after laser pulsing in BP.-(CH 2)3-ROMe without H2 So, shows the 435-nm band
which resembles T- T absorption of I -ROMe (Shizuka et a11985b; Yamaji et al 1992).
The 435-nm band decays with the first order rate constant (1.8 x tO s- 1) in the
absence of protons. However, in the presence of protons, with lapse of time, the
550-nm band for > (bOH- and the 380- and 650-nm bands for the methoxynaphtha.
lene cation radical moiety (-ROMe" )(Shizuka et at 1985b; Yamaji et al 1992) increase
in intensity with isosbestic points, while the 435-nm band decreases.

The time traces of the transient absorbance changes have been observed at 435 nm
for -3 ROMe*, 550 nm for •i ltOH- and 650 nm for -ROMe + after laser pulsing to
BP-(CH 2 )3 -ROMe (3.0 x 10- M) in acetonitrile-water (4:1 v/v) with [HI SO 4 ] -
05 M at 295 K. The first-order rate constant (k0o - 6.8 x 106 s -) for the decay
at 435 nm was the same as those for the rises of > COH- at 550nm and -ROMe'+
at 650nm within experimental error (10%), and independent of (BP-(CH 2)3-ROMe]
(;S 6.0 x 10-'M) in acetonitrile-water (4:1 v/v) with [HS0 4] - 0.5 M at 295 K.
From the above results, the ionization of BP-(CH2 )3-3 ROMe* is concluded to occur
only in the presence of protons to produce > (1OH-(CH2 )3-ROMe"+ by intra-el.

The efficiencies (0j..) of the ionization for > tOH-(CH2 )3-ROMe'+ are 0.3 and
1.0 for BP-(CH2)3-ROMe in acetonitrile-water (4:1 v/v) with CH2S0 4 ] - 0.005 and
0.5 M, respectively. These values of 0, show that protons promote the ionization
efficiency for BP-(CH2 )3-ROMe as well as for intermolecular ROMe-BP systems
(Yamaji et al 1992).
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We also investigated the proton effect on the rate constant (kob0 ) for intra-p-ion
of BP-(CH2) 3-ROMe. The plots of k.b,d vs [H2S0 4 ] (;S 1•0 M) have been obtained
after laser pulsing of BP-(CH2 )3-ROMe (3"0 x 10-3 M) in aetonitrile-water (4:1
v/v). The ko• value increases linearly, proportional to [H2 SO4 ., Therefore, ko.d is
reexpressed with the use of (26). From the slope and the intercept of the line, we have
k, - 1,6 x 10' M- s- and kd = 1.8 x iO s-1 for the intra-p-ion of BP-(CH2)--ROMe.

The intra.p-ion mechanism for BP-(CHI)3-ROMe is proposed as shown in scheme 6,
referring to those of the ROMe-BP systems (Yamaji et al 1992) and intra-HT, where
3(BP-(CH2)3 -ROMe), 3(> tOH_(CH2 )3-ROMe). and 3(> 'tOH-(CH2)3-ROMe'+)
denote the corresponding intramolecular triplet exciplex with a sandwich-like
structure, the protonated intramolecular triplet exciplex and the intramolecular triplet
radical pair produced by intra-el, respectively, k., k.. and k' are the decay rate
constants of BP-(CH2 )3- 3ROMe*, 3(BP-(CH2) 3-ROMe)* and '(> ýOH-(CH2 )3-
ROMe)" to the ground BP-(CH2) 3-ROMe, respectively, k,, the rate constant for
intra-el of 3(> ýOH-(CH1 )3 -ROM¢)* to '(> ('OH-(CH2 )3-ROMe" ), and K , and
K2 the corresponding equilibrium constants for formation of the triplet exciplex and
protonation of the triplet exciplex, respectively.

2.4c Coqformation of triplet exciplexes: As mentioned above, it has been observed
that intra-HT and intra-p-ion of BP-(CH 2)3-ROH and BP-(CH2 ),-ROMe take
place as well as the intermolecular ones of the ROH-BP and ROMe-BP systems,
respectively. For both intermolecular and intramolecular reactions, the mechanisms
can be explained considering the triplet exciplex and the protonated triplet exciplex.
When the chromophores are linked with -(CH 2 )3-, it is enabled to take a stacked
configuration of chromophores, which has a weak charge-transfer interaction. Therefore,
it can be concluded that the structures of the triplet exciplex and the protonated
triplet exciplex for intra-HT and intra.p-ion are sandwich-like as illustrated in schemes 5
and 6, respectively.
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2.5 The hydrogen-atom transfer reaction of triplet hydroxynaphthylammonium ion to
benzophenone

The HT reaction of triplet naphthalene derivative with both the groups. -NH and
-OH, of the hydroxynaphthylammonium ion (HORNH') has been investigated in
order to elucidate the reactivity of the substituent group"or HT and its mechanism.

The transient absorption spectra have been observed after a laser pulse at 355 nm
in the HORNH* (8'0 x 10-3 M)-BP (1.2 x 10-3 M) systems with [H2 SO4] = 0,015 M
and 0.5 M, respectively, in MeOH-water (9:1 v/v) at 290 K. While the 430-nm band
for triplet HORNH•" (3HORNH-I) decreases with isosbestic points at 490 and
610 nm, new transient absorption bands appear at 455, 545 and 800 nm with lapse of
time. The 545-nm band is known to be > COH with its molar absorption coefficient

S= 3220 M - cm -I at 545 nm (Land 1968). The transient absorption bands at 455
and 800 nm are ascribed to the 5-hydroxy- 1-naphthylamine cation radical (HORNH'2 ÷ )
since they are similar to the absorption spectrum of HORNH'2 ÷ obtained after
y-radiolysis of HORNH2 in PVC film (unpublished data). The change from the
absorption spectrum of triplet HORNH', 3(HORNH )* to that of the hydroxyna-
phthylamine cation radical (HORNH'2 + ) demonstrates that the -NH • group is more
reactive for HT of the HORNH*-BP system than the -OH group. The rate constant
for HT increases with an increase of [BP] showing a leveling-off at higher [BP] while
it decreases with increase of acid concentration, However, at higher acid concentrations,
the rate constant shows a leveling off. Therefore, it is impossible to explain the above
experimental results by the simple mechanism for the RNH'-BP system (Kohno
et al 1991). The hybrid mechanism from those for the RNH,-BP (Kohno et al 1991)
and ROH-BP (Kaneko et al 1993) systems has been proposed for the HT reaction
of the HORNH*-BP system as shown in scheme 7. It has been concluded that the
more protic hydrogen atom is the more reactive in HT.

HORNH' * >CO

k .o k6 k

3 C Q ) >3 o ) ,

kk

kd (I

(kOlT /RN/I) COH

3
(IIORNH; >tOH )- It*

SP, 7. IIORNI. * >Coll



H-atom and proton-induced ET reactions via triplet exciplexes 771

3. Conclusion

After 355-nm laser pulsing in the naphthalene derivative (RNH , ROH, ROMe and
HORNH')-BP systems, the ET from 3BP* occurs to naphthalene derivatives in the
nanosecond time scale.

It has been shown that the HT and p-eT reactions from triplet naphthalene
derivatives (3RNH *, 3ROH*, 3ROMe* and 1HORNH*) take place to BP via
triplet exciplexes, intermolecularly and intramolecularly, on a microsecond time scale.
It has been shown that the triplet exciplexes have a sandwich-like structure with weak
CT character. There are proton effects on the above HT and p-eT reactions originating
from the protonated triplet exciplexes,
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Resonant two-photon ionization processes of van der Waals
adducts: Spectroscopy and reactivity of styrenes clustered with
various molecules
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Ast" et. Research on the formation and properties of clusters of aromatic molecules
bonded to numerous solvents is rapidly expanding. Recently much attention has been paid
to these adduct species with the objective of clarifying nucleation phenomena. Photophysical
and photochemical studies of these clusters give information on solvent effects, intracluster
reactions and charge-transfer processes, Model calculations of potential surfaces of vdW
adducts have provided knowledge of the intracluater binding energy and vdW vibrational
modes in a few systems. Here, data are reported on resonant two.photon ionization R2PI
mass spectra and on spectroscopic shifts of styrenes clustered with various atoms and
molecules.

Keywords. Two-photon ionization; van der Waals adducts; st)rene clusters.

1. Introduction

The importance of van der Waals (vdW) interactions in the study of aromatic systems
bonded to solvent molecules has been amply recognized (Bernstein 1990; Evcn et al
1990). Studies on clusters of these compounds by reactive and unreactive moieties
are particularly valuable in understanding condensation and nucleation phenomena,
energetics of inter- and intramolecular modes and finally kinetics of reactive processes
(Brutschy 1990; Keese and Castleman 1990).

Production of these adducts can be achieved by adiabatic expansion in vacuum
through a nozzle of solute-solvent mixtures. By varying the pressure and temperature
at the nozzle, it is possible to change the size distribution of clusters formed in the
expansion. The clusters are usually analysed by laser-induced fluorescence (LIF), IR
spectroscopy or mass spectrometry. Resonance enhanced two-photon ionization
(R2PI) combined with time-of-flight (TOF) detection of the adducts has been demon-
strated to be a powerful technique suitable for both spectroscopy and reactivity
studies (Breen et al 1989; Brutschy 1990),
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Spectroscopic studies allow us to probe the solvent environment and how it affects
the solute electronic structure. In particular, the evolution of the solute absorption
spectrum, as a function of the increasing number of solvent molecules, can be related
to a coalescence process leading to the condensed phase. Another important aspect
is the identification through niass spectrometric analysis of the solute-solvent intra-
cluster reaction which can take place within a very short time after ionization.

In this paper, results are reported on the spectroscopy and reaction dynamics of
styrene (STY) and 4-fluorostyrene (4FSTY) clustered with noble gases and several
substances. These aromatic molecules are sensitive probes of the molecular interaction
with solvent media. Their choice has been dictated also by the fact that the first
excited state S, is for both approximately half way with respect to the ionization
continuum. The cluster ions produced in the R2PI process have little excess energy
and it may be assumed that fragmentation plays a minor role. A comparison between
the spectroscopy and the reactivity of these two systems, with respect to the solvent
molecules, is reported here.

2. Experimental methods

The experimental apparatus used to produce supersonic molecular beams of clusters,
shown in figure 1 together with the ionization laser and TOF mass spectrometer.
has been already described (Giardini Guidoni et al 1993) and will be only briefly
summarized here.

The system consists of two independently pumped vacuum chambers, separated
by a skimmer of 1 mm inner diameter. The clusters are formed in a supersonic
expansion of He, seeded with the aromatic system, either pure or mixed with solvent
molecules in a suitable ratio. 'rhe stagnation pressure can be varied between 0.5 and

H R ROTATINC, SYStcii rFoI s()L.Iflo

IUILSE[ VAL V(

-SHIMME.RS. . .. ... . .. . . REPELLER
d-YAG U UyI CRYStAL P 0L 1-' E -

I ASU I A|A CR MIXER - - MT

P10TF AC0 LTIAtOR

fcFIII L6.AORXAR1 MLF CHANNELTRrIN

I ILER I~EAE' R L___

Figure I. Schematic of the experimental atpparatus for the production and detection of
clusters.
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4 bar, The expansion in the first chamber is obtained through a pulsed valve (General
Valve) with a nozzle of 400pm inner diameter and aperture time up to 600;is. The
repetition time is 10 Hz. The pressure in the first chamber is kept around 10 ` torr.
The skimmed beam is crossed perpendicularly by the ionization laser 30 cm downstream
between the first two acceleration plates of a Wiley- McLaren TOF mass spectrometer.
The resolving power of the TOF is I mass unit at m/e 200. The clusters are ionized
by one colour R2PI process by using a frequency doubled dye laser pumped by an
Nd: YAG (Quantel model 710), The relative intensity of the ion signal depends on
the expansion conditions: stagnation pressure, time lag between the dye laser pulse
relative to the gas pulse and laser wavelength.

The compounds studied are STY and 4FSTY, pure or mixed with Ar, CCl4 . NH,.
C2H3NH 2 (MEA) and (C2H.)zNH (DEA). STY and 4FSTY are used as supplied
by Aldrich Chemicals without any further purification.

3. Spectroscopy

Spectroscopy of STY and 4FSTY, either Fure or bound to reactive or non-reactive
systems, deals mainly with 0• transitions from he ground state S0 to the lowest singlet
excited state Si. The spectral shift near the vibronic origin of this it---n* transition
occurs in various chromophore solvent adducts as largely reported in the literature
(Bernstein 1990, and references therein). The spectral shift of a given electronic
transition with respect to the isolated molecule is a measure of the relative energy
difference between the lower and upper electronic states induced by aggregation.
The magnitude and direction of the electronic shift is strongly related to the nature
of the interaction between the chromophorc which is the solute and the solvent. Of
course, a red shift indicates a smaller energy difference between the ground and the
excited states in the adduct, a blue shift a larger difference.

The spectra of STYArt, clusters are reported in figure 2, together with the spectrum
of pure STY. As shown, the structure of STY.Ar and STY.Ar 2 have sharp origins
and exhibit features due to vdW modes, The STY.Ar 0' transition is shifted by
32cm - with respect to pure STY spectrum, confirming previous measurements
(Dimopoulou-Rademann et a/ 1988). The STY'Ar 2 spectral shift is 63 cm 1, almost
twice that of STY.Ar. This behaviour is analogous to what was found for other
aromatic systems (Bernstein 1990). It is explained by the presence of two equivalent
sites for the Ar atoms, one above and the other below the aromatic ring. The STY.Ar1
exhibits complex features due to the more numerous intramolecular vdW modes and
eventually to the presence of isomeric structures (Hermine et at 1992). Analogous
data have been obtained in the case of 4FSTY.Ar clusters (Piccirillo et at 1993).

Spectra of some STY- (MCl,), complexes are reported in figure 3. The red shift for
the 00 transition of the STYCCI 4 adduct is 89 cm- t much larger than that found
for STY-Ar. This fact can be explained by the much larger polarizability of the MCl,
molecule with respect to Ar. As the cluster size increases to n values larger than 2,
both broad and sharp components are observed in the spectra. The shift of the band
maxima as a function or the n solvent molecules shows an evolution toward the red
with respect to the 0' transition of the bare STY molecule. The large bandwidth can
be attributed to the presence of interaction uetween the chromophore and the solvent
molecules leading to the formation of different isomers (Even et a! 1990), The UV
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Figure 2. The mass resolved l2PI spectra of styrene clustered by Ar atoms. The spectral

shift scale is relative to the S, electronic origin or styrene.

absorption band of STY in CC14 solution (insert in figure 3) has a maximum centred
at 34, l80cm- 1. The resulting red shift of 580cm- I with respect to pure STY in the

gas phase can be the tendencial value of STY.(CCI4). for very large n, indicating that

these aggregates represent the first building blocks of a solute molecule in CCIl
qolution.
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4. Reactivity

It is weO known that, following R2PI ionization, reactions can take place within the
cluster. R-sonant two-photon ionization can lead to intracluster processes where the
chromophxre solute reacts with the solvent either by nucleophilic substitution or by
charge or poton transfer reaction (Breen et al 1989; Brutschy 1990).

The follow.ng scheme represents possible intraclustcr solvent (S) and chromophore
(C) reactions:

Proton transfer (C - H)Sr,_ + SH (I)

(C Sm)+

Charge transfer C S. + S'. (2)

Cluster ions S,+ from solvent molecules having a dual character may lead
to autoprotonation:

S autoproronation S'_,(S - H) + S_ I H, (3)

where C - H and S - H stands for an H lost.
In styrenes complexed with amines we have found the occurrence of internal

ion molecule reactions wlhich lead to the formation of protonated species. Typical

2 9 2 3 4 C'Ty( ME.A)r]+

2 , SI , I

I.

Sm--'l 2 [FSTy (D. EA)m;

So 100 150 200 250 300 350 400 rn/e

Figure 4. Mass spectra of a mixttr, o 4FSTY with MEA (a) and DEA (b). taken at a laser
frequency of 34,350cm- (292nm).
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mass spectra of 4FSTY.MEA and 4FSTY.DEA taken at 34,250cm-' are reported
in figure 4.

In the spectra of 4FSTY and MEA mixtures (figure 4a), besides the main cluster
sequences, 4FSTY.(MEA)* and (4FSTY)2-(MEA),. several peaks can be observed.

'a) :STY

II

(b) FSTY.MEA

a ,/MVl,., MEAH

(d)

34000 34200 34400

FIpe C. Wavelength dependence or 4FSTY* (a), (4FSTY-MEA)* (b), MEAH' Wi) and
[4FSTY-(MEA)2 ]* Md.
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rhese peaks have been assigned to (MEA),, MEAH' and protonated (MEA)mH÷
clusters. Other peaks attributed to fragmentation are also observed. 4FSTY and DEA
mixtures (figure 4b) behave similarly and the spectra are characterized by main cluster
sequences, Other peaks have been assigned to intracluster charge transfer products.
Addition of NH 3 to the 4FSTY beam also produces cluster sequences but only at
very high ratios of NH3/4FSTY are intracluster reactions observed.

With reference to the transfer reaction scheme, a diagram of the energetics has
been plotted in figure 5 for 4FSTY with MEA, and DEA, using literature data (Lias
et al 1984; Brutschy 1990) and not accounting for the cluster binding energy.

From the energetics values reported in figure 5, the proton transfer reaction in the
MEA adduct appears to be slightly exothermic (0.1 eV) and the charge transfer process
endothermic by about 0.65eV, This fact supports the hypothesis that MEAH* is
formed mainly by direct intracluster proton transfer from 4FSTY to solvent. The
data obtained on a single mass selected in the TOF spectrum as a function of laser
frequency are reported in figure 6(c) at mle 46 for MEAH +, (a) at mle 122 for FSTY ',
(b) at mie 167 for (4FSTY.MEA)+ and (d) at mle 212 for (4FSTY,(MEA)÷). The
wavelength dependence of MEAH ÷, though less structured, has the same trend of
4FSTYMEA +. This confirms the hypothesis that the former ion is a product of the
direct intracluster proton transfer (1). It can be noted that the absorption spectrum
of 4FSTY is characterized by sharp peaks attributed to the vibronic levels of the
S1 ,- So electronic transition. Wavelength excitation of the 4FSTYMEA cluster shows,
on the top of a broad continuum, a fine structure related to vdW and vibronic modes,
Some intensity contribution towards the red of the wavelength in MEAH ÷ spectrum
is observed. This feature may arise from the contribution of other processes yielding
MEAH+. In particular, dissociative charge transfer followed by autoprotonation (3)
of higher cluster ions [4FSTY-(MEA).]÷ should be taken into account. Typically
4FSTY'(MEA)2 absorption is shifted further toward the red with respect to pure
4FSTY (figure 6). This would justify a contribution to the spectrum of MEAH + in
the red region.

In the case of the 4FSTY.DEA adduct, both charge and proton transfer reactions
are exothermic by 0.15 and 0.3eV, respectively. As already hypothesized (Brutschy
1990; Keese and Castleman 1990), if energetically allowed, charge transfer processes
always dominate other competing processes, In the TOF mass spectrum, peaks
corresponding to (DEA)' cluster ions appear to be asymmetrically broadened; the
presence of this tail can be ascribed to the proton transfer pathway leading to
(DEA).H * formation.
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Abstract. We preseint tenperaiture-dependent superradiant fluorescesice decatys aid relattive
quantum yiclds in J-aggregates formad by two carbocyanine dyes, and compare honmogeneous
with heterogeneous systems. It will be shown that a gentralisation of the results obtained
in case of pseudoisneyanine is not appropriate, since each dye aggregate displays its own
phot')rihvsiical behaviour that hab to he investigated individually. The exciton in the presentt
systems seems to be coupled to an acoustic mode rather than to an optical mode, as had
been found tin case of pseudoisocya nine in ethylene glycol matrix. In addition, as a second
novel feature, global a'salysis of the temperature-dependwnt, nonexponential fluoreacence
decays revealed the presence of an excited-state reaction, both in heicrogeneous and homo-
geneous systems.

Keywords. i-aggregate: superradiance:.spectral sensitisation.

1. Introduction

Excitonic energy transfer within i-aggregates of pseudoisocyanine (PlC) at very low
temperatures is well established, and had been demonstrated by hole burning (De Boer
er a! 1987; Hirschinann and Friedrich 1989), photon echo (De Boer or at 1987, Dc
Boer and Wiersma 1987, 1990). and time-resolved fluorescence (Fidder or a) 1991b)
techniques. Recent theories discuss, parallel to experiment, the nature of relaxation
channels that are in competition with exciton migration (Spano and Mukamel 1989;
Fidder or at 1991Ia). Superradiant fluorescence decays (Dorn and MUller 1987; De Boer
and Wiersma 1990; Spano or a! 1990) that become faster at low temperatures are a
hallmark of coherence effects in i-aggregates, as is the decrease of the fluorescence
lifetime with increasing aggtegate size (Kemnitz ei a! 1990; Muenter et at 1992; Tani
et at 1992).

Superradiant fluorescence decay is in competition with electron transfer in the
photographic sensitisation process (figure 1). Since the main competitors, i.e., electron
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Figure 1. Simplified representation of spectral sensitisation with the coznpetitire prtce~ses
0': (a) electron injection into the conduction band of AjiBr. k,(N). (b) superradiant decay.
40,(N), and (e) nonradiative decay, ktN), where euch process is a functimi (f aggregicte
oherence size, N.

transfer, k3, radiative decay, k, and nonradiative decay, k,,,, are all dependent oil
aggregate si.-e, N, it is of great interest to establish the individual dependencies. with
the ultimato goal of optimising the yield of setisitisation, c1a(N). Figure 2a shows the
size dependence of k, and that of the sum of radiative and nonradiative rate constant.
ki., obtained from fluorescence kinetics and sensitisation yields of J-aggregates
adsorbed on AgBr (Tani et at 1992). The increase of kL with increasing aggregate size
is thought t,, be due to coherence effects. Figure 2b shows the size-dependent absorption
spectra of the J-aggregates on AgBr, where the band maximum shifts to the red and
the half width decreases with increasing aggregate size.

The decrease of k. with increasing size in figure 2a is not well understood, at
present. To improve the fundamental understanding of the electron transfer step
involved in the above complex reaction scheme (figure 1), we investigated a series of
dyes, shown in a classical Marcus representation in figure 3 (Tan. et al 1992), with
a prominent steep increase of the rate constant of electron transfer, as measured by
the yield of sensitisation, (DR, with increasing half-wave reduction potential, EX, of
the dyes. Such steep increase in the normal region is caused by a very small reorientation
energy, A = 0.05 eV, typical of a solvent-free system (Kemnitz et at 1988). The behaviour
in the inverted region (dashed), however, is unknown as yet, and new dyes will have
to be used to explore this important region that will yield additional parameters,
important for the complete characterisation of electron transfer in photographic
systems. Once the basic parameters like intramolecular and external reorientation
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ligure 2. (a) Dependence of the electron injection rate constant, k,, and of the -su*m I-
radiative and nonradiative rate constants. k ,. on aggregate size that relates inversely to the
efficiency of sensitisation, 0, (after Tani er ul 1992). (b) Reflectance spectra of film samples
of DCTC adsorbed on AgBr depending on aggregate size. With increasing aggregate size,
N. the maxima shift to the red and the bandwidth decreases (after Tani et al 1992).

energy and electron-exchange matrix clement are known, it might be possible, in a
second step, to extract the size dependencies of these parameters that govern electron
transfer in photographic sensitisation.

An alternative path of separating the indivi, ual decay processes in the sensitisation
process was followed in the developement of reference systems without electron transfer,
i.e., J-aggregates adsorbed on SiO 2 (Kemnitz et a! 1990) and KBr, where KBr was
chosen in order to create an inert surface more similar to-that of AgBr. These systems
are, analogous to the homogeneous counterpart, i.e., liquid or glassy mixtures of
ethylene glycol/water(EG) (Lindrum et a! 1993), very sensitive towards changes in
environment, and both heterogeneous and homogeneous systems are thus well suited
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Figure 3. Simple Marcus representation of the rate constatit of electron injection, as
measured by the efl•icincy of photosensitization, @,. and the reduction potential of various
cyaninc dyes, Ex (after Tani er al 1992). The reorientation energy, A. of the solvent-Irce
system is very small, i.e., about O.05cV.
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Figure 4. The chemical structures of 5,5'-dichloro-9-ethyl-bcnthia-carbocyaninc (DCrC)
and 5.5'6,6"-tetrachloro-henziniido-carhocyanine (TCIC).

for the fundamental study of environmental effects on exciton-phonon coupling, and
helpful in the eventual understanding of the individual size dependencies of all the
processes involved.

We present fluorescence decays and relative quantum yields of J-aggregates formed
by 5,5'-dichloro-9-ethyl-benzthia-carbocyanine (DCTC, figure 4) on KBr (Kemnitz
1993) and by 5.5',6,6'-tetrachloro-benzimido-carbocyanine (TCIC, figure 4) in
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ethylene glycol/H 2 O (4:1) matrix (Lindrum et al 1993), in the temperature range
293-4 K. Both systems display enhanced fluorescence decays at low temperature,
accompanied by an increase of relative fluorescence quantum yield, clearly indicating
an increase of the radiative rate constants at low temperatures.

As a novel feature, the presence of an excited-state reaction was revealed by global
analysis of fluorescence decays, acquired at up to 12 different temperatures (Kemnitz
1993). Various physical models to account for the complex fluorescence decay features
have been tested and compared.

The individual decay characteristics depend on environment, i.e., on the substratc
in case of heterogeneous systems. Figures 5a and 6 display the temperature behaviour
of J-aggregates of DCTC, adsorbed on Sin 2 and KBr, respectively, and the opposite
temperature-dependence is obvious, In case of the homogeneous systems, the fluorescence

(a) T/K INT 10( (b) T/K INI
293 0.144 295 0.29
200 0.316 260 0.30,- 150 0 .48 1 240 0 .32t00 0.606 t0 220 0.3424 10 0.29

50 0 738 140 0.29
lO'4 24 0.926 50 0.60

4 1.000 20 0.75
4 1 00

(I

1I 10 IRF
IRF

0

a.2 OA 0.6 0.8 1.0 1.2 0 1 2 3 41

Time/ns Time/ns

Figure 5. Temperature.dependent fluorescence kinetics and relative fluorteencc quantum
yields of(a) DC'TC adsorbed on KBr, and (b) TCIC in fluid and sollid tmatrix (f ethylene
glycol/H 20 (4: 1).

SlO,

12/4 K
25
50
100
200
298

2 /

640 1280 1920

Time/ps
Figure 6. Environmental effect in case of DCTC/SiO2 . The fluorescence decays slow down
at reduced temperature in contrast to DCTC/KBr in figure 5a.



788 K Kemnitz et al

00 () *( bk_ ) T,

i 80 A.

60- 70 7AA

440

d- 20 A 40

Aj

68
r..../l.04 .. |t

58 450

(UU

3 8
2350

28 I

25
S28 --. 5

0 50 100 150 200 250 300 0 -] b01l0 150 200 2.50 30C
Ter-perature/K TemLberature /K

Figure 7. (a) Three-expohential anallysis of the nonexponential fluorescence decays of
DC-TC/KBr, and (b) two-exponemtial analysis of rwi" in ethylene' $1ycol/H42O.

dynamics depend on solvent composition, i.e.. on the amount of HO in the E(I
systems (Lindrum et al 1993), and o)n the phase, i.e., on the fluid or the solid properties
of the matrix (figure 7b).

2. Experimental

The time-correlated single photon counting systems (Kemnitz et al 1990; Rempei
et at 1990) as well as the preparation of the heterogeneous film samples (Kemnitz
et at 1990; Tani et al 1992) and that of the homogeneous EG samples (Lindrum et al
1993) were described previously. Excitation wavelengths were 620 and 580 nm and
the emission was observed at 630 and 590nm for DCTC and TCIC, resipectively.
Heterogeneous and homogeneous samples were excited at low-photon density and
observed under front-face geometry. Global analysis software was from Globals
Unlimited. Application and advantages of global fluorescence decay analysis are well
documented in literature (Beechem et at 1989; Rumbles et at 1991; Kemnitz and
Sakaguchi 1992: Boens et al 1992).
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3. Results and discussion

3A1 Temperature-dependence of superradiant fluorescence decay

Figure 5 shows the temperature-dependent, nonexponential fluorescence decays and
the relative fluorescence intensities of (a) the heterogeneous DCTC/KBr system, and
of (b) TCIC in the macroscopically homogeneous EG/H 2 0 matrix. Both systems
display enhanced fluorescence decays at reduced temperatures, accompanied by a
strong increase of fluorescence intensity, thus clearly demonstrating the increase of
the radiative rate constant at low temperatures. The fluorescence decays are complex
and can phenomenologically be fitted by a multi-exponential function of up to three
exponents. The degree of non-exponentiality varies with temperature and phase. This
effect can most clearly be seen in case of TCIC in figure 7b, where the fluid phase
from 293-220K can roughly be fitted by two exponents, whereas the rigid matrix
shows a smooth transition from three-exponential decay at 180K to strictly single-
exponentiality at 4 K. The heterogeneous system of DCTC/KBr in figure 7a needs
three exponents within the whole temperature range, in contrast. The fluorescence
lifetimes in this system are almost independent of temperature, with a slight tendency
towards shorter lifetimes at lower temperatures (-r,, T2 ). The most conspicuous feature,
however, is the variation of the pre-exponential factor of the fast component, A, in
figure 7a (top). Global three-exponential analysis at 7 temperatures, at varying degrees
of parameter-linkage, clearly shows that it is mainly the increase of A, at low
temperatures that is responsible for the enhancement of the fluorescence decay at
reduced temperatures in figure 5a. Analogously, the increase of A1 in case of TCIC
in figure 7b (top) could be shown to be an essential feature of the temperature-dependent
fluorescence decays in figure 5b. Thus, any physical model has to accommodate the
increase of the pre-exponential factor of the fast component, next to the decrease of
the fluorescence lifetimes at low temperatures, and. of course, the pronounced increase
of fluorescence intensity.

3.2 Excited-state reaction

Global analysis, employing complex excited-state schemes with numerous fit
parameters, is no simple task, because there exist many local and even global minima
in the multidimensional error surface, yielding mostly nonphysical fit parameters.
The challenge is to locate the global minima of physical significance. Such systems
turn out to be rare and highly restricted, fortunately, so that it is possible to suggest
and discuss a limited number of physical models. By applying global analysis, we
were able to test and compare the physical models that are displayed in figure 8. The
quality of the individual models is judged by their global x'. where three-exponential,
unrestricted fitting is taken as ultimate quality standard. The integrity of all the
present models discussed was confirmed by kinetic simulations and reanalyses of the
artificial decays, convoluted with a real system response function.

The transition, mentioned above, from three- to single-exponentiality in case of
TCIC upon reduction of temperature, clearly points to the existence of an excited-state
reaction. The primarily excited, superradiant state relaxes, in a temperature-dependent
reaction, k 2, towards a weakly emitting "trap"-state of longer fluorescence lifetime
(figure 8c). At 4K, the transition k,, is completely frozen and a single-exponential
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Figre 8. Various reaction schemes that have been tested and compared by global analysis:
(a) two-exponential decay caused by two So species, (b) three-exponential decay caused by
three So species, (c) excited-staie two-level scheme. (d) excited-state three-level scheme, (e) two
distributed (Gaussian) S, species, and (f) distributed (Gaussian) excited-state two-level
,,themc.

decay can be observed. Scheme (c) in figure 8 can roughly fit the observed decays of
the solid domain below 200 K in figure 5b, but a perfect fit is obtained only for the
Gaussian-distributed analoguc. scheme (f), yielding a global X2-equal to that of three-
exponential fitting. The distributed fit replaces a discrete fluorescence lifetime by a
distribution of lifetimes whose pre-exponential factors are determined by a Gaussian
envelope. Figure 9b shows the decrease of centre wavelength, C1, from about 130 to
90 ps at lower temperature, accompanied by a reduction of the half width, W1, from
90 to about 4ps. The slow component. caused by the emission of the product-state,
can be modelled by C 2 = 725 ps and W2 = 660 ps, independent of temperature. 1 he
interconverting rate constant, k, 2, decreases from 1/4 to !/400ns and is responsible,
together with the decrease of W,, for the transition from three- to one-exponentiality
at 4 K. The increase of the fluorescence intensity at low temperatures is reflected in
an increase of the species-associated spectra (SAS,). The SAS represent the intrinsic
fluorescence bands of both excited-state species and are proportional to fluorescence
quantum yield. Both species display increasing SAS, in case of the superradiant state
due to an increase of the radiative rate constant, and in case of the trap-state, probably
due to the decrease of the nonradiative decay at low temperatures. Two candidates
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for a weakly emissive trap state were proposed recently: (a) a structural irregularity
within the aggregate, i.e., a small section forming a nonfluorescent H-dimer (Muenter
et al 1992) and (b) thermally activated, subradiant states within the exciton band
(Spano et al 1991).



792 K Kemnit: et al

Figure 10 shows the tevperature-dependencc of the maximum (a) and bandwidth
(b) of absorption and fluorescence spectra of TCIC/EG (Moll et at 1993). The parallel
blueshift of absorption and fluorescence spectra at lower temperatures in figure 10a
have also been observed in case of PIC/EG and can be understood in terms of exciton
coupling to low-frequency phonons (Fidder et at 1991b). Figure 10b displays the
decrease of the fluorescence bandwidth at reduced temperatures. which is much larger
than that of the absorption spectrum. In addition, the fluorescence bandwidth at
room temperature is about twice the absorption bandwidth. We take this behaviour
as support for our notion from above that the emission of trap states, responsible
for the broadcned emission band at 293 K. is reduced at lower temperatures due to
reduced k 12 '

The combination of decreasing r, and of decreasing k 1 2 at reduced temperatures
leads to an oLserved lifetime, T,,,, e.g.. in two-exponential analysis, that is only weakly
decendent on temperature. r, in figures 7a and b decreases by less than 20 and 50'",
at 4K, respectively, whereas the intensity increases 7 and 5 times within the same
temperature range. The variation of fluorescence intensity with temperature was
corrected for the shift of absorption and fluorescence bands ifigure 10a). The increase
of 'he extinction coefficient at reduced temperature was roughly cancelled by the
(I:crease of fluorescence intensity, since L..citation was at the high-energy side of the
absorption banJ, whereas the fluorescence -as observed at the low-energy side of
the emission hand.

hI cic of 'he heterogeneous system. tie distributed two-level excited-state scheme
from above is not sufficient to fit the data, and a third excited-state level has to be
introduced, scheme (d) in figure 8. The parameters desciibing the third component.
'.e., the rate constant (if interconversion, kA.3 SAS,, and fluorescence lifetime, rT. arc
"-f ! ;.,0dary importance only and are very approximate. Figure 9a shows the
:caiperure dependence of the more important parameters, i.e., the decrease of k t2'

thr increase of SAS,. and a decrease of i, frwmn 300 to 60 ps at 4 K. This behaviour
is stri,:t'y analogous to that of the homogeneous system described in figure 9b. The
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core of both the homogeneous and heterogeneous model is an excited-state reaction,
characterised by decreasing rate constant of interconversion, k 2•,from a superradiant
to a weakly emitting state, increasing SAS,, and decreasing superradiant lifetime. rt,
at reduced temperatures. The radiative lifetime, l/k,(T), can be calculated from
SAS 1 (T) and rt T), both obtained from scheme 9(d) or (f): l/k,(T) = T, (T)/SAS, (T),
under the assumption that SAS, (4 K) = (Df(4 K) = 1. Figure I I displays the coherence
length, N., of TCIC/EG and DCTC/KBr, calculated according to Nff = k,(J)1/kM),
with k,(M)= I/(4ns). Whereas Nerr in case of PIC in EG/H 20 is absolutely
independent of temperature between 4 and 50 K, we observe a change in Nf of
about 100'/', in case of both carbocyanines in this temperature range.

Two physical models that cannot be distinguished at the current level of precision
are present -d in case of the liquid phase. The first model is a variant of the excited-state
schemes described above. As already seen from the parameters obtained by two-
exponential fitting in figure 7b (bottom), both fluorescence lifetimes, r and r 2, decrease
at low temperatures, and we have to assume that two superradiant states are involved
in this particular case. The second model, based on a Gaussian ground-state distribution
of fluorescence lifetimes, does not involve an excited-state reaction, and is based on
a single fluorescent state. Both models will be compared and discussed in a future
paper (Kemnitz 1993) and will be contrasted by a different approach (Lindrum et al
1993).

Two potential alternatives for the explanation of temperature-dependent pre-
exponential factors, (a) that of two emitting ground-state populations (figure 8a or
8e), where the slower decaying and more weakly emitting species would have to stop
emitting at 4KK, and (b) that of a temperature-dependent ground-state equilibrium
between two distributions, arc inconceivable in the present systems and were
discarded.

3.3 Theoretical considerations

Figure 12 displays the main results of the theory of exciton-phonon coupling, as
developed by Spano et al t1990). and shows the dependence of coherence size, N,,
on temperature, T, and on the physical aggregate size. N. Figure 124 reoresents the
case of an optical phonon and contains the qualitative behaviour of the system of
PIC in EG6 '12O by De Boers and Wiersma (1990) as bold line. They observed strictly
tempirature-independent behaviour below 50 K and a linear decrease of N,fI by a
large factor of about 50, with increasing temperature. The detailed analysis yielded
the following parameters: N ý 75, exciton-phonon coupling strength, F., = 210cm- '.
and the optical mode, 11. = 240cm '. using the nearest-neighbour dipole-dipole
interaction energy. V=600cm '. The analysis was based on the experimental
observation of v decrease of the fluorescence decay time by about 10 times, when
the tt;mperature was lowered from 2(W to 50 K. accompanied by a change in quantum
yield of less than 25%.

The experimental observations in the present carbocyanine dye systems differ in
several ways from that ,f "IC described above: (I) complex, non-exponential fluorescence
dcuays, as oppoc". one-exponentiality. (21 relatively small changes of fluorescence
lifetimes in tVO- or ýnree-exponential analyses. i.e.. a decrease of less than 1.5 times,
when goir.g from 293 to 4 K, with a major part of the change occurring below 50 K.
13) a str nc, increase of relative fluotescence quantum yield, i.e., an increase by up to
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Figure 12. Theory of exciton-phonon coupling after Spano et al ( 1990), with the dependence
of coherence size. N,,,, on temperature. T. and physical aggregate size. N. (a) Optical mode.
containing the qualitative behaviour of the data on PIC by De Boer and Wiersma (1990) as
bold line. Mi) Acoustic mode with qualitative temperature dependence of N.,, of the present
data as bold line.

7 times in the same temperature region, and (4) the existence of an excited-state
reaction, manifest in a temperature-dependent degree of non-exponentiality, i.e..
temperature-dependent pre-exponential factors obtained in multi-exponential fluore-
scence decay analysis.

Figure 12b shows the exciton-phonon coupling in case of an acoustic mode and
displays the qualitative behaviour of the present systems of figure I I as bold line.
The increase .,f Ncfr, even at very low temperatures, is typical for acoustic modes
(moderate size aggregates) and is in contrast to the behaviour of optical modes in
figure 12a.

It appears that the temperature dependence of Nff of the present systems in
figure 11 is in qualitative accord will, the assumption of coupling to an acoustic
mode. Coupling to low-frequency acoustic modes (0., < 30cm "') had recently been
suggested by Muenter et al (1992) to control the weakly temperature-dependent
fluorescence dynamics of PIC J-aggregates adsorbed on AgBr.

4. Conclusions

Our investigations of the temperature-dependent superradiant fluofescence dynamics
of J-aggregates of carbocyanine dyes in heterogeneous and homogeneous environments
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led to several novel features not observed in case of PIC: (1) individual temperature
behaviour, demonstrating a varying degree of exciton-phonon coupling, (2)
dependence on environment, (3) coupling to an acouqtic mode, and (4) the existence
of an excited-state reaction.

By applying global analysis, we were able to elucidate several models of physical
significance from the complex fluorescence decay behaviour. In one of the models
discussed, we postulate a slight quenching of the superradiant state by weakly emitting
trap states, with the trapping rate constant decreasing at reduced temperatures. The
nature of the trap is unknown as yet, but its emission spectrum is currently being
in' estigated by temperature- and emission-resolved ps spectroscopy.

The application of ground- and excited-state distributions (Gaussian or other) in
fitting fluorescence dynamics of (micro)-heterogeneous systems is a very promising
tool for the design of kinetic models. The conspicuous reduction at low temperatures

of the Gaussian half-width in one of our kinetic models is a very attractive feature
and deserves further investigation.
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Photochemical reaction of [61-I ,4-cyclophaneanthraquinone

SADAO MIKI*. F M ABDEL-LATIF, TOSKIHIRO NAKAYAMA
and KUMA() HAM4ANOUE
D~epartment of Chemistry, Kyoto Institute of Technology. Matsugasaki. Sakyo-ku. Kyoto
0016, Japan

Abstract. [6.1-I .4.Cyvclophunrisnthraquiinonc (CHAQ) has been synthes.i,.d and its
photochernictil rcaction is itudied. Nanosecond lascer photolysis of (THAQ in EPA at room
temperature reveals that both ' tic lowest excited siitglet and .7iplvt states of CI-IAQ cause
the tntramolcculair hydrogý.n-atoni abstraction yielding the I .4-biradical, i-.e. the hydlrogcri.
atomn abstraction by the carbonyl oxygeni from the benzyliý: menthyicra' of the CYcLo[4liane
bridge. Since steady-state photolysis of CHAQ in EPA Lit 77K rcve~ds the foimniation of
cyclophaine-9-hydroxy- I. 0-ia.ithraquintonc- 1 *rethide (a). the results obtained by stiady.
state photolysis at room tismperature arc intterpreted as follows: (1) In benzene, 2 changes to
a napt,thoquinotie derivative 1(0). (2) In EPA, 1, yields its etianni adlduct (3) and th~re exrits
an equilibrium between t majort and 6 (minor). 13) By a durk reaction. 3 and/or ý revert
very slowly to ('I-AQ.

Keywords. ('ycto~phancatiithraq4uinonie. intramolecular hydrogen-atorn abstraction.

1. Introduction

Pairs of isomeric mtik ulcs undergoing photochemical initerconversion have been
studied recently in at; attempt to search for solar energy storage system~s as well as
molecular memory devices. We have thus been studying the photophysics and
Photochemistry of sterically strained polyacenequinone derivatives focusing onl their
photovalence isomurization (Nakayama ef at 1988; Miki et al 19813. 1992b). Sin~ce
[6]-l.4-cyclophaneant hraq ui none (CHAQ) has a methylene bridge and one of the
benzene rings is deformed to a boat form, it is expected that this compound can
undergo photoisomerization yielding a henii-Dewar type isomer. From thcse points
of view, we have already prepared CHAQ and identified the final photoproduct to
be cyclophane-hem i- Dewar-anth raqui none (Miki er at 1992c). Recently, however, we
have founJi that this identification is incorrect owing to a low resolution of a 'H
NMR spectrometer (90%M11z). Hence, this review deals with rc-,-ults of ou;r recent
reinvestigation (Miki vi a/ 1992a).

Although photochemistry of strain-free anthraquinones with a henz *ylic methylene
has already been reported by Gritsan et a! (1990. 1991), we believe that ('l-AQ :
still an interesting compound because of its novel photochemical reactii'n A hti.h is
different from that of several strain-free anthrequiniones.

I- r correspondence

79'7
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2. Nanosecond laser photolysis of CHAQ in EPA (diethylether/isopentane/ethanol =

5:5:2 volume ratio) at room temperature

Starting from [6]-3,6-cyclophanephthalic acid prepared following the method by
Liebe et al (1985), the title compound (CHAQ) is synthesized according to scheme 1;
the final step is a modification of the method reported by Sammes and Dodsworth
(1979).

COH Ac2O

(CH2)6  0I " ,. (C H0

COH 
100 ýC

. I. E 2O (C M (). + (C

•70 HC3X

N@BH 4 / MOOH

1) LOA, -55-C
2) C &HsBr (CH )a

( 3) H0IO

1
CHAO

Figure 1 shows the transient absorption spectra obtained by nanosecond laser
photolysis of CHAQ in EPA at room temperature. In comparison with the spectrumn
obtained at the end of nanosecond pulse excitation (4Ons delay), those ohtain-.d at
longer delay times have a weak absoption band at A. = 385 nm compared with that
at , = 490 nm. As shown in figure 2, the transient absorption monitored at 490 nm
appears within the duration of the nanosecond pulse excitation (FWHM = 20 ns) and
then grows further in following a single-exponential function with a rise time of
0.42p.q. In contrast, the transient absorption monitored at 385 nm decreases following
a single-exponential function with lifetime equal to the rise time obtained for the
490-nm absorption. Hence, we have concluded that the transient absorption (with
;,, = 490 nm), ahich appeared within the duration of the nanosecond pulse
excitation, is the absorption of the 1,4-biradical produced by the intramolecular
hydrogen-atom abstraction at the lowest excited singlet of CHAQ and that the slow
rise of the 490-nm absorption is due to the formation of the 1,4-biradical produced
by the intramolecular hydrogen-atom abstraction at the lowest exci~ee triplet state
of CHAQ with an absorption maximum at 385 nm; the 1,4-biradical is produced by
the hydrogen.atom abstraction of the carbonyl oxygen from the benzylic methylene.
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Figure 1. Transient absorption spectra obtained by nanosecond laser photolysis of CHAQ
in EPA at room temperature.
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to the react ant absorption, a new ahsorption band with Am` - 542 nm as well us that
ot 300-ADO r~m grows in. One can clearly observe two isosh'stic points at 476 and
406 Sm. in comparison with the absorpttn spectra oa 9-hydro(a y-8 , 0o-anthraquinone-
l-roethide and its derivatives as reported by ofiHAQin eP Au (1990, 1991), we propose
that the product obtained at 77K is cycElophane-9-hydroxy-oml 0anthraquinone.1.
mFthide (3 in scheme 2) produced via the 1,4. lradicalu

After steady-state photolysis at 77 K. the sample warming up to room tenperature
gives rise to the disappearance of the 542-nm band and the appearance of another
new batd at - 34onm as well ca that of the reactant (CHAQ) (of. dotted line). After
this, a i-day dark reaction causes the spectral change from the dotted to the daihe,

spectra, indicating that a shoulder at longer wavelengths decreases with accompanying
increase of the absorption due to the reactant (CHAQ). These results indicate that
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Figure 3. Spectral change caused by 405-nm steady-state photolysis of CHAQ in EPA at
77 K fulil lines). By warming the sample solution up to room temperature after photolysis,

the dotted spectrum is obtained and a further I-day dark reaction gives the dashed spectrum.
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2• produced ii 77 K (with an absorption maximum at 542 nm) is a precursor of at
least two compounds (with absorption bands at 300-370 nm) which can exist at room
temperature.

We believe that steady-state photolysis of CHAQ in EPA at room temperature

mainly gives rise to the formation of two compounds based on the fact that the
dotted spectrum shown in oigure 3 is rather similar to the spectra obtained by room-

temperature photolysis of CHAQ as shown by full lines in figure 4 and the dashed
spectrum shown in fig~ure 3 is similar to that shown in figure 4. Since it is well known
that almost all of the strain-free 9-hydroxy-l,10-anthraquinone-l-methides isomeraze
easily to the corresponding anthraquinones via the reverse intramolecular hydrogen-
atom transfer, it can be concluded that one of the striking features of cyclophane-
9-hydroxy-l, 10-anthraquinone-l-methide (2) is its almost negligible reversion to the
reactant (CHAQ). Owing to the lack of co-planarity of the rn-moiety caused by the
methylene bridge, the reverse hydrogen-atom transfer for 2 may require a much higher
activation energy than those for the strain-free planar compounds.

Changing the solvent from EPA to [2H] chloroform in vacuo, analysis of the
photoproducts has been performed using a 'H NMR spectrometer (300MHz).
Although the NMR signals obtained are very complicated, the formation of } (cf.
scheme 2) as the main product is really confirmed; 8.55 ppm (s, 2H, OH) and 3.97 ppm
(s, 2H, olefin); 3-94 ppm (dq, 2H) and 3'51 ppm (dq, 211) for the diastereotopic methylene
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Figure 4. Spectral change caumed by 405-nm steady-state photolysis of CHAQ in -PA at
room temperaturc (full lince By a 2-day dark reaction arter photolysis, the dashed slpctrum
is obtaincd.

protons of the ethoxy groups. We thus suppose that 3 is formed from 2 following
the mechanism shown by scheme 2. Since the highly strained enone part of 2 is
expected to be very reactive, addition of ethanol to this compound may give rise to
the formation of 4. releasing the strain of the exomethylene group followed by the
1,5-hydrogen-atom shift finally yielding 5. After this, addition of ethanol to 5 may
produce strain-free 3. Based on the well-known fact that anthrahydroquinonc and
its derivatives are fluorescent, we have assigned the dashed spectrum shown in figure 2
or 3 to the absorption of I because its fluorescence excitation spectrum is identical
with the absorption spectra shown by the dashed lines in figures 2 and 3.

On keeping the sample solution in the dark for a long time, the NMR signals due
to . disappear with the accompanying appearance of not only the signals due to
ethanol but also those due to recovered CHAQ. This thermal reversion may be
interpieted in terms of ethanol elimination from 3.

4. Steady-state photolysis of CHAQ in benzene at room temperature

As shown in figure 5, 405-nm stwady-slate photolysis of CHAQ in benzene at room
temperature reveals the spectral change somewhat different in form from that obtained
in FPA at room temperature (cf. figure 4). After photolysis, a I-day dark reaction
causes spectral decrement and increment due to the product and the reactant,
respectively (cf. dashed line). In [2H ,] benzene, photolysis of CHAQ is also performed
and then the results of 41 NMR analysis obtained are as follows: 6.51 ppm (c1, IlH,
J = 9.9 Hz). 5.50 ppnl (d, I H, J = 9.9 Hz) and 5.03 ppm idd, I H. J = 54 and 11.7 Hz).
Although product identification based on the NMR signals alone is not satisfactory
enough, we believe that at least a methylene cyclohexene moiety really exists. We
thus tentatively propose that 6 is produced via 2.

Since similar NMR signals are observed even in EPA, ý in this solvent may be a
minor product. This is supported by the following facts: (1) The dotted spectrum
shown in figure 2 can be interpreted in terms of the superposition of the absorption
due to 3 on that due to 6. (2) The photochemistry of CHAQ at room temperature
in EPA is found to be identical to that in ethanol. After photolysis in ethanol, we
thus have changed the solvent to benzene and found that the absorption spectrum
of 3 changes very slowly to that of 6 and reverted CHAQ.
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5. Conclusions

Although [6]-l,4-cyclophaneanthraquinone (CHAQ) is a sterically strained compound.
the photoinduced intramolecular hydrogen-atom abstraction is identical with that of
several strain-free anthraquinones with a benzylic methylene (Gritsan e' al 1990, 1991).

In the latter cases, however, 9-hydroxy- 1,1I0-anthraquinone. l -methides produced via
the 1.4-biradicais easily revert to the original anthraquinoncs. In this sense, we belicve
that the photochemistry of CHAQ presented here is very unique and interesting.
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